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ABSTRACT

Mixing and dispersion in a partially mixed estuary are driven by, among other
processes, the gravitational circulation, wind-events and tides. These processes are
important in the vertical and horizontal distribution and exchange of salinity, oxygen,
nutrients, and organisms. The objective of this research was to examine the temporal
variability of the pycnocline in the mid-Chesapeake Bay in response to forcing at subtidal
and higher frequencies as observed in the spring of 1993.
The largest change in the pycnocline was associated with meteorological forcing.
Up-Bay wind stress and subsequent abatement of the wind stress produced a 5 meter
displacement of the mean pycnocline depth. The data suggest that the change in depth of
the pycnocline was the result of the geostrophic response of the across-channel pycnocline
tilt to wind-induced reversal of the along-channel residual circulation.
The observed 2-4 meter semi-diurnal vertical oscillations of the pycnocline were
attributed to a topographically induced internal tide. A simple two-layer model was
developed to determine the amplitude and phase of the pycnocline displacements
associated with the internal tide. Model results and observed displacements of the
pycnocline show good agreement. Other processes, such as an internal lateral seiche of
semi-diurnal tidal frequency, advection of the along-channel density gradient and
geostrophic adjustment were also investigated but were found to be inadequate in
describing the observed oscillations.
Finally, the smallest changes of the pycnocline were associated with highfrequency internal waves, fronts and homogeneous layers which were found to occur
frequently throughout the field survey. A classification system based on the characteristics of
the homogeneous layers observed was implemented to investigate source mechanisms and
potential for transport and mixing. Indications are that the relatively short, thin layers were the
result of local mixing, and that the relatively long, thick layers were inconsistent with local
mixing.

Temporal Variability of the Pycnocline in the Mid-Chesapeake Bay

1.

INTRODUCTION

The Chesapeake Bay is a partially mixed, coastal plain estuary which is vertically
stratified during the spring and summer. During the spring, fresh water runoff from the
Susquehanna River and the tributary estuaries establishes a two layer system with warm,
freshwater overlying cold, salty water. These two relatively well-mixed layers are separated by
the pycnocline in which density (and usually temperature and salinity) changes rapidly with
depth. Mixing and dispersion in the estuary and across the pycnocline are driven by, among
other processes, the gravitational circulation, wind-events, and tides. These processes are
important in the vertical and horizontal distribution and exchange of salinity, oxygen, nutrients
and organisms.
Sarabun et al. (1985) classified the physical processes driving the circulation and
stratification in a partially mixed estuary according to three time scales: (1) seasonal
processes, (2) short-term processes, and (3) short-period, small-scale mixing processes.
Seasonal processes include time scales greater than a month. Short-term processes occur
on time scales ranging from one tidal period to one month (subtidal to tidal frequencies);
and short-period (high-frequency), small-scale mixing processes occur within a tidal
period. Although this type of classification groups the processes according to time scale,
it also sorts by size, since the long-period processes usually have large spatial scales and
short-period processes have smaller spatial scales.
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On the seasonal time scale, fresh water inflow and solar heating are the two major
forcing functions controlling the degree of stratification. These forcing functions also
establish the general two layer estuarine circulation such that the upper layer flows downBay and the lower layer flows up-Bay (Pritchard 1956). Less dense water in the upper
Bay has a higher surface elevation due to isostacy, which creates a barotropic pressure
gradient driving water seaward. At depth, the weight of the denser water forced seaward
overcomes this tendency, driving bottom water up-Bay via the baroclinic pressure
gradient. This circulation pattern is important to biological regimes because it controls the
subsurface transport of nutrients and non-motile biological organisms (Tyler and Seliger
1981). The strength of the stratification limits the amount of vertical mixing between the
two layers. The stratification is influenced to a great extent by the increased discharge
from the Susquehanna River during the spring and by increased solar heating during the
summer. A sharp pycnocline, which inhibits vertical mixing, is prevalent throughout the
mid- to lower-Bay from spring to fall. This strong stratification can effectively isolate the
deeper layer from downward mixing of dissolved oxygen (DO), resulting in anoxic
conditions that have been found to be prevalent throughout the deeper reaches in the
Chesapeake Bay and some tributary estuaries during the summer (Officer et al. 1984).
The lack of vertical mixing and subsequent development of anoxic conditions have strong
consequences for biological communities, particularly for benthic organisms.
The short-term processes driving the circulation and stratification include
meteorological forcing, tidal variations, long-period internal waves, and across-Bay
seiching. These processes can impart significant energy that results in mixing. Tidal
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forcing and wind forcing are by far the greatest energy sources occurring on tidal and
subtidal time scales. In addition to mixing from turbulence generated at the boundaries of
the estuaries by the oscillatory motion of the tidal currents (Boicourt 1992), it is was
measured that some 8 % of the surface tidal energy in a partially mixed estuary,
Massachusetts Bay, was converted into an internal tide (Halpem 1971). The generation of
internal tides and other long-period internal waves can result from the flow of the stratified
barotropic tide over topographic features. The breaking of such long period waves can
result in significant mixing. In addition to tidal forcing, it has been recognized that wind
forcing can be an important mechanism controlling the net (nontidal) circulation and
stratification in estuaries (Weisburg and Sturges 1976; Elliott 1978; Goodrich et al. 1987).
Goodrich et al. (1987) observed episodic, wind-induced destratification in the Chesapeake
Bay. Dyer (1982) observed wind-induced surface and internal seiches, and Tyler (1984),
Malone et al. (1986) and Sanford et al. (1990), among others have documented the
across-channel reversal in the pycnocline tilt associated with meteorological forcing.
Only recently has attention been paid to short-period (high-frequency) processes in
partially mixed estuaries that occur on time scales of less than one tidal period (Sarabun et
al. 1985; Geyer and Smith 1987, and many others). Most of these processes derive their
energy in some form from the surface tides, the interaction of the surface tides with the
bathymetry and/or the wind. Some of the short-period processes and resultant features
include short-period internal waves, fronts, turbulent mixing, and homogeneous layers. On
a local scale, the breaking of internal waves can enhance mixing and dispersion of physical
properties of the water as well as nutrients, pollutants, and biological organisms that have
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limited motility across isopycnal surfaces. Other processes such as fronts, boundary mixing
and sinking tributary water have the potential to become significant transport pathways. In
different estuarine systems, the short-period processes resulting in mixing across the
pycnocline may vary. For instance in the Duwamish River estuary it was estimated that 1/4
of the total salt flux into the upper layer is the result of an internal hydraulic jump (Partch
and Smith 1978). In another estuary, the Frazer estuary, Geyer and Smith (1987) found
that the principal mechanism for vertical mixing within the pycnocline was the result of
shear instabilities.
The main objective of this research was to examine the temporal variability of the
pycnocline in the mid-Chesapeake Bay in response to forcing at subtidal, tidal, and higher
frequencies as observed in the spring of 1993. This included describing the observed
variability, identifying the processes responsible for the observed variability, and examining
the implications for transport and mixing of chemical and biological species. At subtidal
frequencies, the association between local wind forcing and changes in the mean depth of
the pycnocline and hypoxic bottom water was investigated. It is proposed that the change
in the depth of the pycnocline was the result of a geostrophic response of the lateral
pycnocline tilt to wind-induced change in the direction of the along-channel residual
circulation. At semi-diurnal tidal time scales, the primary objective was to identify the
process responsible for the observed 2-4 m oscillation of the pycnocline. The processes
investigated included: tidal advection of the along-channel density gradient a tidally
generated lateral internal seiche, geostrophic adjustment, and a topographically induced
internal tide. At high frequencies i.e., periods less than a tidal cycle, the objectives of the
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research were to synthesize and review previous work addressing internal waves, fronts
and homogenous layers in the mid-Chesapeake Bay and to identify similar phenomena in
the 1993 field data, with the primaiy focus on potential processes responsible for the
formation of homogeneous layers within the pycnocline. It is proposed that such layers
appear often enough and have a large enough spatial extent to play a significant role in
transport and mixing in a partially-mixed estuarine environment.

6

2.

2.1

DATA COLLECTION AND PROCESSING

The Study Area
A 4-day field survey was conducted from May 31 to June 3, 1993. During this

time, stratification is at a maximum due to the fresh water runoff from the Susquehanna
River and the Chesapeake Bay tributary estuaries, as well as an increase in solar heating.
Site selection for the study was based on previously observed high-frequency events
(Sarabun et al. 1986) and on the availability of an abundance of historical time-series
thermistor chain data collected in earlier years. The sampling site was located at 38° 58'
N and 76° 22' W (Station 858) approximately 2 km south of the Chesapeake Bay Bridge
and to the east of the main channel (see Figure 1). The water depth is 23 m. The
pycnocline at this location is generally at mid-depth, and the stratification is such that the
change in density across the pycnocline is on the order of 5-7 kg/m3.

Both the

accessibility of the pycnocline and the strong stratification allowed for a careful inspection
of the temporal variability in the pycnocline associated with processes occurring over a
wide range of time scales.

7

Figure 1. The Chesapeake Bay study area.
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2.2

Instrumentation
The principal operations vessel, the Research Vessel (R/V) Cape Henlopen, was

moored fore and aft to provide a fixed platform from which to deploy various
instrumentation.

Field survey design was such that the station was occupied for a

minimum of three semi-diurnal tidal cycles. The instrumentation used included a vertical
thermistor chain, a 0.1-m-resolution Conductivity-Temperature-Depth-FIuorescence
(CTDF) Profiler, a High-Resolution Vertical Conductivity-Temperature-Depth (CTD)
Profiler (HRVP), a 600-kHz Broadband RDI Acoustic Doppler Current profiler (ADCP),
and a 1200-kHz Narrowband RDI ADCP.

A meteorological SAIL system was also

available.
The principal thermistor chain was 7.5 m long and consisted of sixteen thermistors
spaced at 0.5-m intervals and two pressure transducers located at the top and bottom of
the chain. The chain system was faired to reduce drag and to reduce hydrodynamic (flow)
disturbances that might bias the data. The thermistor chain was deployed from the ship in
a static mode and was weighted at its lower end. The resolution of the thermistors was
0.007° C, and their response time was 20 msec. The accuracy of the thermistor sensor
was 0.05° C using a 5-point calibration and a second-order fit. Pressure transducers had a
resolution of 0.01 m. The thermistor and pressure sensors were interfaced to a Metrobyte
16-channel multiplexed extension (EXP-16) board. Digitizing of signals was performed
by a Metrobyte 16-channel analog-to-digital conversion board (DASH-16G2).

The

digitized output from the Metrobyte board was transferred to a Compaq 486 PC that uses
Labtech Notebook as the control software. Data for all channels were sampled at 4 Hz
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using an analog prefilter of 1 Hz. Data were stored in 1-6 hr data files on 90MB Bernoulli
hard disks. The thermistor data were displayed in real time using the Labtech Notebook
data acquisition software package.
The Henlopen CTDF Profiler also contained a dissolved oxygen (DO) sensor and
backscatterer. The fluorometer measured chlorophyll-a (chl-a) concentration. The HighResolution Vertical Profiler (HRVP) system measured the following oceanographic
parameters:

temperature, conductivity, depth, chl-a fluorescence, optical beam

attenuation, and backscatter. The data from all sensor systems on the vertical profiler
were collected at a 12-Hz sampling rate. Data were collected every 0.5 hr during the onstation period, alternating between the CTDF and the HRVP. Water samples were also
collected. Chlorophyll-a fluorescence measurements were made on board the ship.
Standard sampling procedure for profile data collection was a profile collected
from either the Henlopen CTDF or the HRVP every 30 minutes. When an event was
identified from the real time thermistor chain displays, profiles were collected every 15
minutes alternating between the CTDF and the HRVP.
The 1200 kHz Narrowband (NB) ADCP provided by the University of Delaware
was deployed from the port side of the Cape Henlopen and was interfaced to the Ship’s
gyro and Loran C navigation system. The data were collected in 1 m bin intervals and
recorded every 3 seconds. The 600 kHz Broadband (BB) ADCP was deployed also from
the port side of the Henlopen forward of the NB ADCP. Data were collected in 0.25 m
bin intervals and recorded every 5 seconds. Both ADCP’s provided the following data:
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east/west velocity component, north/south velocity component, velocity magnitude,
velocity direction, error velocity and backscatter intensities.
The sail system collected the following parameters: wind speed, wind direction, air
temperature, sea surface temperature and salinity, and barometric pressure. The data also
included Loran latitude and longitude position information, and ship’s heading. The data
were recorded every 30 sec continuously throughout the field survey.

2.3

Data Processing

2.3.1

Meteorological Data
The meteorological data were averaged over two minute intervals and also one

hour time intervals. True wind speed and direction were plotted with the time history of
the sigma-t, salinity, temperature and DO concentrations measured by the R/V Henlopen
CTDF system. For wind stress calculations, the wind direction axis was rotated from True
North to 35° N to align with the along-channel tidal axis. The wind stress in the alongchannel (tx) and across-channel (xy) were calculated using Large and Pond (1981) bulk
formulas
T x =P a^d^x^
x y = P a^dW y^
where, pa is the density of air, W is the speed of the wind in the x or y direction, and Cd is
the drag coefficient.
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2.3.2 Profile Data
The HRVP fluorescence data was found to saturate frequently and resulted in
contamination of the temperature data for unknown reasons. Because of the unreliability
of the temperature data most of the HRVP was not included in the analysis.
The Henlopen CTDF data was consistently the most reliable of the profile data
collected. For this reason this data was primarily used for all subsequent analysis and
calibration of the thermistor chain data. Contours of the temperature, salinity, density and
oxygen concentrations were plotted as a function of time and depth. These figures are
shown in Chapter 3.
2.3.3

Thermistor Data
The 16 element thermistor chain was calibrated prior to and after the field

experiment. However, several thermistors were damaged after the field experiment and
reliable post-test calibrations proved unsuccessful. During the field experiment several in
situ yo-yo’s of the thermistor chain were conducted to provide a means to do reliable
intercalibrations post test.
Calibration of the pressure sensors on the thermistor chain was conducted in situ
during the experiment. Voltages as a function of depth for both pressure transducers were
manually logged at the beginning and near the end of the experiment. A regression fit in a
least squares fit of the voltage to depth was obtained and applied to the pressure
transducer data contained within each thermistor chain data file.
An extensive intercalibration was conducted on the thermistor data. This included
a best fit of the data both manually and via a least squares best fit. Comparisons to the
12

CTD data provided the ability to fine tune the temperature scale as well as the depth scale
of the thermistor chain data.
Spectra were created for the individual thermistors.

The Matlab program

spectrum performs spectral analysis on the individual thermistor data sequences (generally
15000 to 20000 points) using the Welch method of power spectrum estimation. The
sequence was divided into sections of m-points each (256 was routinely used), where m
must be a power of two. Successive sections are Hanning windowed, transformed with an
m-point Fast-Fourier Transform (FFT) and accumulated. Loglog plots of the spectra were
created.
Since the Brunt-Vaisala frequency was calculated to be 2 cycles per minute (cpm)
or less, it was decided that the data from the chain should be low-pass filtered at 0.2 Hz in
order to retain as much information as possible with the thermistor chain data but remove
as much high-frequency noise as possible.
2.3,4 Acoustic Doppler Current Profiler
The NB ADCP data were collected continuously from the beginning to the end of
the on station operations except for June 2 1800-2000 when a power outage occurred.
Ship's gyro provided real-time positioning, heading and tilt that was recorded
simultaneously with the ADCP data.

The raw data consisted of an ensemble which

represents an average of four separate pings recorded every 3 seconds. The raw data did
not have transducer misalignment (-45°) or correction for magnetic offset (-10°)
incorporated. This was done in the post-processing. Vertical resolution of the data is 1
meter. In addition, the horizontal velocity components were rotated so that they were
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aligned with the main channel/tidal axis (225° for ebb/35° for flood) resulting in the u
velocity component oriented along-channel and the v velocity component across-channel.
The NB ADCP data were averaged over 4 minute and 1 hour time intervals to investigate
tidal and subtidal processes, respectively.
The BB ADCP data collected were intermittent from the beginning to the end of
the on-station operations. The majority of the data from this system was collected from
June 2 to June 3. There is a gap in this data block as well from 0200 to 0800 on June 3.
No ship information was collected on this system. The raw data consisted of an ensemble
which represents an average of four separate waterborne pings and 1 bottom ping was
recorded every 5 second. These data did not have any transducer misalignment or ship
heading correction incorporated. Vertical resolution of the data is 0.25 meters.

The

backscatter intensity data were used primarily to investigate short-period (high-frequency)
processes.
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3.

3.1

SUBTIDAL RESPONSE OF THE PYCNOCLINE TO
METEOROLOGICAL FORCING

Introduction
The earliest indications of a pcynocline response to meteorological forcing came

from observations of ‘jubilees’ where finfish and crabs crowd on to the shallow banks of
estuaries such as the Chesapeake Bay and Mobile Bay (Loesch 1960) during the
occurrence of strong wind forcing. It was recognized that coincident with these ‘jubilees*
was the presence of low DO, high salinity bottom waters on these shoal regions. Recently
studies have observed that the across-channel tilt of the pycnocline, normally tilted up
towards the eastern shore, reverses orientation (up towards the western shore) when
strong winds were predominantly north-northeastward (Tyler 1984; Malone et al. 1986;
Sanford and Boicourt 1990). Tyler (1984) observed the upwelling of the diatom,
Prorocentrum, from below the pycnocline onto the western shore in the mid-Bay, and
Malone et al. (1986) showed the reversal in pycnocline tilt during sustained northward
winds. In the mid-Chesapeake Bay during the spring and summer, wind forced lateral
oscillations of the pycnocline occurred every 2-6 days, with vertical pycnocline excursions
of up to 10 m (Sanford et al. 1990). These oscillations of the pycnocline can result in
changes in the vertical density structures within the channel as well as along the margins of
the Bay. Malone et al. (1986) found that the vertical density gradient was weakened in the
eastern- and western-most shoal regions of their study site due to tidal mixing, but that on
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several occasions the shoaling of water from below the pycnocline water resulted in the
development of a vertical density gradient at these locations. This was not a local
phenomenon but occurred at regions considerably north and south of their main transect.
Lateral oscillations of the pycnocline not only influence the vertical density
structure along the margins of the Bay but also influence the transport of dissolved oxygen
and inorganic nutrients (Malone et al. 1986). They found that the vertical gradients in
nutrients and oxygen were roughly coincident with the pycnocline. The appearance of
anomalously high salinity water on the eastern and western shore due to shoaling of the
pycnocline reflected the lateral transport of oxygen-depleted bottom water with high
concentrations of ammonium and phosphate (Malone et al. 1986). The anoxic conditions
on these shoal regions have been reported to persist for up to 10 hours (Breitburg 1990).
Observations of many dead and moribund finfish and highly mobile blue crabs coincided
with the shoaling of the pycnocline in the Chesapeake Bay (Malone et al. 1986, Breitburg
1990).
The occurrence of the shoaling of the pycnocline may provide some benefit to the
deep portions of the Bay via the reoxygenation of the subpycnocline waters. Malone et
al. (1986) found that anoxia in the deep portion of the mid-Bay was not a continuous
feature during stratified conditions, but was interrupted by limited reoxygenations which
was coincident with the shoaling of the pycnocline. They also found that variations in DO
did not appear to be directly related to vertical stability since reoxygenation coincided with
an increase in vertical stability in July and a decrease in vertical stability in August.
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The lateral tilting and adjustment of the pycnocline in the mainstem of the Bay due
to meteorological forcing is also important in relation to the Bays’ tributary estuaries.
Sanford and Boicourt (1990) showed that the occurrence of lower layer intrusions into
the Choptank River on the eastern shore of the Chesapeake Bay was dependent on the
wind, the density structure in the Bay and the internal response of the Bay to changing
wind forcing. They found intrusions of high saline, low DO water from below the
pycnocline of the Chesapeake Bay occurred as large internal surges of lower layer water
that traveled up the relict Choptank entrance channel and spilled over the edge of the main
entrance sill just inside the mouth of the river. These intrusions were driven by the lateral
internal tilting of the pycnocline in the Bay proper associated with a southward wind
stress. Although the “normal” tilt is up toward the eastern shore, southward wind stress
may reinforce the estuarine circulation and result in a further elevation of the pycnocline to
the east.
3.2

The Subtidal Dynamic Balance
Pritchard (1956) first studied the nontidal (tidally-averaged) circulation in the

Chesapeake Bay and the James River. The classic paper described the general two-layer
estuarine, or gravitational circulation pattern for partially mixed estuaries, with a net
seaward (down-Bay) flow of fresher water in the upper layer over a net landward (upBay) flow of high-salinity water (Figure 2). The dynamics which drive this circulation are
investigated starting with the linearized momentum equations.
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Figure 2. Two layer estuarine circulation in the Chesapeake Bay: (a) along-channel and
(b) across-channel.
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Fresh Water

pycnocline

The linearized momentum equations are
du

X Momentum Eq,

1 dp
+ A —
p dx
A' dz1
1 dp
+
A —
+ Al
_ 2
p dy
°Z

- + ju =
dt
J

Y Momentum Eq.

—

dp

Z Momentum Eq.

for mean flow u and v, where x is the along-channel component positive seaward (to the
south) and y is the across channel component (positive eastward), z is positive upwards
(Figure 3), g is the acceleration of gravity (9.8 m sec'2), f is the Coriolis parameter (10'4
sec'1) and Az is the vertical eddy viscosity ( m2sec'1).
Scaling of the terms in the along-channel momentum equation yields
— ±
T

f^ -U
Lx

±

P.G.

±

Az - ^ r = 0
z „2

where,
T = time scale of discharge events «106 sec
f ■=Coriolis parameter « 10'4 sec'1
Ly/Lx = estuary width/estuary length - 0.1
V= (Ly/Lx)U from continuity
H = average distance from the bottom or surface to the pycnocline ~ 10 m
Az = eddy viscosity < 0.01 m2sec'2 (see Section 4.3.3 for scaling of Az)
P.G. = pressure gradient
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Figure 3. Schematic of idealized estuary: (a) perspective, (b) cross-section.
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indicates that for A*/H2 « 0(l0'4) the dominant balance is between the pressure gradient
and frictional forces.
1 dp _
p dx

z d z2

As can be shown by vertically integrating the z-momentum equation and then
differentiating in x, the along-channel pressure gradient is the sum of two terms: that
resulting from the surface slope (barotropic response to forcing) and that resulting from
the density gradient (baroclinic response to forcing).
dp(z)
ox

3t|
ox
barotrophic

.

3p
ox

baroclinic

The barotropic component is independent of depth and the baroclinic component increases
with depth. In response to these pressure gradients, there is an up-Bay (landward) flow in
the lower layer and a down-Bay (seaward) flow in the upper layer.
Weisberg and Sturges (1976) examined the nontidal circulation driven by wind
forcing in the Providence River and found that over short time intervals, wind driven
motions could easily dominate the along-channel transport of water. They found high
correlation between bottom current and longitudinal wind with a seaward near-bottom
flow driven by an up-river wind.

EUiot (1978) observed similar phenomena in the

Potomac River and found that the classical estuarine circulation occurred only 43 % of
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the time. Since then numerous studies have investigated the effect wind forcing has on the
Chesapeake Bay (Wang 1979;, Pritchard and Vieira 1984; Vieira 1986).
Pritchard and Vieira (1984) suggested that surface waters in the Bay respond to
the direct drag of wind in the direction of the wind. Northward winds blowing up the Bay
cause an increase in surface elevation at the head of the Bay. The pressure gradient
induced by the north-to-south slope of the Bay’s surface was responsible for driving a
bottom current in the opposite direction of the wind. The lagged response in the bottom
water varied from 8 - 3 1 h, depending on the proximity to the pycnocline. Water layers
nearest to the pycnocline were the slowest to respond.
What role does the change in the along-channel estuarine circulation play in the acrosschannel pycnocline? The answer to this question requires a better understanding of the acrosschannel balance of forces. Pritchard (1956) investigated the lateral (cross channel) dynamic
balance in the James River, a partially-mixed tributary estuary of the Chesapeake Bay. In
his study, he evaluated the magnitude of each term in the lateral momentum equation.
Pritchard assumed that the mean lateral velocity was zero, the horizontal components of
the turbulent flux of momentum were negligible, and that the mean pressure force may be
expressed as the pressure force relative to that at the surface. From this evaluation,
Pritchard concluded that, in the lateral direction, the primary balance of forces is between
the Coriolis force and the lateral pressure gradient.
—
1 dp
=— ~
P
The following scaling argument illustrates Prichards point
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(0.1X10

(< 10-2 m2 sec~1)(0.1)(^)

(102m2)
The local acceleration and the frictional term are an order of magnitude smaller than the
Coriolis term which must be balanced by the pressure gradient indicating the acrosschannel momentum equation is in geostrophic balance at the lowest order. The lateral
pressure gradient can be broken down into two terms in a manner similar to the alongchannel pressure gradient: one resulting from the surface slope and one resulting from the
density gradient

barotrophic

baroclinic

Assuming that the lateral dynamic balance in the mid-Bay is geostrophic to the
lowest order and applying the balance to each layer of a two-layer estuary with a
hydrostatic balance in the vertical yields:

fu2 =

~g'
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where the subscripts 1 and 2 represents the upper layer and lower layer, respectively, T)
represents the surface elevation and rji represents the interface (pycnocline) elevation.
Assuming P2/P1 ~ 1 and (P2 -P1) « P2 yields Margules relation
S^

L

p2

*!■
dy

This shows that for an upper layer flow directed down-Bay (positive uO and a lower layer
flow directed up-Bay (negative U2 ), that the across-channel tilt of the pycnocline should be
up (positive to) towards the east (Figure 2). Thus, along a cross-sectional region of the
Bay, the water tends to be more saline on the eastern shore than on the western shore.
The increase in transport in the gravitational circulation towards the mouth of the bay
results in a corresponding increase in tilt in the lower bay. This tilt increases in the lower
portion of the Bay to the extent that the pycnocline may shoal. The increased tilt in the
lower Bay is a combined result of the geostrophically balanced gravitational flow, the
addition of fresh water from rivers on the western side, and the widening of the Bay
(Beardsley and Boicourt 1981).
The wind forcing which produces a reversal in the nontidal upper and lower layer
flows relative to what is typically expected as gravitational circulation should, according to
the Margules relation, reverse the across-channel tilt of the pycnocline. Furthermore,
wind forcing which increases the surface flow down-Bay should increase the tilt in the
normal direction associated with the gravitational circulation. The process by which the
water moves across the Bay to create the tilt in response to the along bay wind is akin to
Ekman transport, which is then largely shutdown once the across-Bay pressure gradient is
established.
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A second mechanism which can lead to an across-Bay tilt in the pcynocline is the
direct effect of the across-Bay wind. Positive wind stress (eastward winds) forces the
surface water to pile up on the eastern shoal, i.e., the free surface would slope up towards
the east. The pycnocline interface which tends to set up in the opposite direction to the
free surface would be tilted up towards the western shoal.
The present analysis can only reveal the extent to which meteorological forcing
impacts the stratification, depth of the pycnocline and subsequent concentrations of
oxygen and other passive scalars at one horizontal position in the Bay.

In addition,

changes in the residual circulation where wind-forcing could be a contributing factor are
examined in this study.
3.3

Field Observations
A time history of the temperature, salinity, density (sigma-t) and oxygen

concentrations as measured hourly at Station 858 via the R/V Henlopen CTDF are shown
in Figure 4a-d.

At the top of each figure is the time history of the wind speed and

direction as measured from the R/V Cape Henlopen. The top 11 m of the water column is
relatively well mixed for the first 28 hr of the sampling period (until 1800 on June 1).
After this time the entire pycnocline begins to rise in the water column until reaching a
mean depth of 9-12 m at 0200 hr on June 2. This mean position was maintained for the
duration of the sampling period with tidal-like oscillations of the pycnocline superimposed
on this mean position.
Looking at the time history of the density (plotted as sigma t), note that the mean
position of the pycnocline, as indicated by the 7 kg/m3 isopycnal, was 15 m from 2000 hr
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Figure 4(a). Time history of true wind speed and direction in direction of the stress
(North positive, South negative, East to right, West to left), and temperature at Station
858.
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Figure 4(b). Time history of true wind speed and direction in the f
^
(North positive, South negative, East to right, West to left), and salinity
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Figure 4(c). Time history of true wind speed and direction in the direction of the stress
(North positive, South negative, East to right, West to left), and sigma-t at Station 85 .
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Figure 4(d). Time history of true wind speed and direction in the direction of the stress
(North positive, South negative, East to right, West to left), and DO at Station 858.
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on May 31 to 1800 hr on June 1 and was about 10 m onward from 0200 on June 2. The
salinity and temperature indicate the same trend with the mean depth of the 10 ppt
isohaline and the 16° C isotherm decreasing from 15 m to 10 m.
Oxygen concentrations were high (> 5 ml/1) from the surface to approximately 12
m until June 1 at 1800 hr. Only a small section of the water column during this time
exhibited hypoxic conditions (< 2 ml/1).

After the subsequent shallowing of the

pycnocline, oxygen levels decreased to below 2 ml/1 for the bottom 1/3 of the water
column. This effect is also shown in individual profile plots of DO collected during the
wind event of May 31 and well after the wind event (Figure 5). Both profiles were
collected during the same phase of the tide (ebb) in order to minimize any tidal bias. The
hypoxic conditions prevailed below 17 m depth for the first profile and occurred below 12
m for the latter profile.
The observed salinity and DO concentration time series at 9 m are shown in Figure
6. The pattern of the salinity was inverse to that of DO. As the salinity increased from 6
ppt to 10 ppt over the course of the sampling periods, the DO concentrations at a depth of
9 m decreased from 6 ml/1 to 4 ml/1. Individual fluctuations in DO were usually mirrored
by opposite fluctuations in salinity which held true for all depths.
The subtidal salinity and DO fluctuations were coincident with the wind change.
Prior to and during the first day of data collections, winds directed towards the north (upBay ), aligned principally with the main channel of the Bay were sustained in excess of 1520 knots (kt, or 7.5 to 10 m/sec) for well over 24 hr. The winds changed from northward
to southward by June 1 with the wind speed decreasing considerably (Figure 4a-d).
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Figure 5. Profiles plots of DO concentrations during and after wind event of May 31,
1993.
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Figure 6. Salinity and DO concentrations at 9 m as measured by the R/V Henlopen
CTDF.
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It is difficult to determine the strongest current response (along-channel vs. acrosschannel) because the beginning of the wind event preceded the measurements. It was
assumed that the strongest current response was in the along-channel direction as
previously shown by Sanford et al. (1990). The along-channel residual circulation was
calculated by removing the M2 (principal lunar semi-diurnal) and Ki (Lunisolar diurnal)
tidal constituents from the NB AD CP current data using harmonic analysis (via a least
squares technique). At the beginning of the field collections, the along-channel residual
circulation was such that the surface layer was moving up-Bay (northward) and the lower
layer currents were directed down-Bay (southward) (Figure 7).
At approximately 0000 hr on June 1, the surface currents reversed and were
directed down-Bay (southward). This response of the surface currents was coincident
with the changes in the wind direction i. e., winds changed from predominantly northward
(up-Bay) to east-southeastward (across-Bay) and the surface currents changed from upBay to down-Bay. From 0000-1100 hr on June 1, the residual currents throughout the
water column were directed down-Bay. The change in the lower layer current direction
from down-Bay to up-Bay began at -1100 hr on June 1 in the deeper currents of the
lower layer and proceeded up through the water column. The time for change-over in the
residual currents in the lower layer was 11-20 hr after the change in the wind direction,
with the currents nearest to the pycnocline being the last to change direction. The change
in the direction of the lower layer flow was coincident with the depth change of the
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Figure 7. Time history true wind speed and direction in the direction of the stress (North
positive, South negative, East to right, West to left), and residual along-channel current
velocities.
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pycnocline. Note the change in current direction of the lower layer on June 1 between
1200 hr to 1800 hr and the shoaling of the pycnocline in the sigma-t time series plot at the
same time interval.
The response of the pycnocline to across-Bay winds was also examined. Both the
across-Bay and along-Bay wind stresses are shown in Figure 8.

The positive along-

channel wind stress is very large compared to the across-channel wind stress during the
first 12 hours of measurements. During this time the across-channel wind stress was
-0.05 kg/m»sec2 (Pascal (Pa)) directed slightly to the west of the channel.

At

approximately 0000 hr on June 1 the winds changed direction from predominantly
northward to east-southeastward. The across-channel wind stress to the east was seen to
increase to a maximum of 0.15 kg/m»sec2 before decreasing to less than 0.05 kg/m»sec2
on June 1 at approximately 1800 hr. The time of the decreasing across-channel wind
stress to the eastern side of the channel also coincides with the time in which the mean
depth of the pycnocline changed from 15 to 10 meters.
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Figure 8. Along channel and across-channel wind stress. North and east wind stresses are
positive.
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3.4

Discussion
The movement of the entire pycnocline from a mean depth of 15 m to a mean

depth of

10

m within an 8 -hr time period cannot be explained by advection of the along-

channel density gradient. The along-channel density distribution as measured 10 days after
the conclusion of this field study is shown in Figure 9. These data were provided by the
Environmental Protection Agency’s Chesapeake Bay Monitoring Program (CBP). Since
the maximum residual currents were ~0.40 m/sec and assuming that both the surface and
bottom layers were moving in the same direction for 8 hr, the maximum distance the water
column could have been advected is 12 km. The along-channel density gradient over this
distance in either direction does not support a 5-m depth increase in the pycnocline. The
along-channel density gradient is fairly consistent over a considerable distance such that
advection by opposing along-channel currents could still not explain a 5-m depth change in
the pycnocline depth over such a short period of time.
The change in the depth of pycnocline that coincided with reversals in the residual
along-channel circulation forced by the wind, suggests that change in depth is associated
with the change in the orientation of the pycnocline tilt which had previously been
observed by Tyler (1984), Malone et al. (1986), Sanford and Boicourt (1990), Sanford et
al. (1990), and Breitburg (1990). The location and contours of the lateral (oriented with
the west on the left and the east on the right, looking up the Bay) density, oxygen,
ammonium, chl-a, and bacteria concentrations for August 20 and 23 from the study
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Figure 9. Sigma-t (kg/m3)distribution along the channel of the upper to mid-Bay region:
Station 858 is located at position 0 of the x axis with positive and negative positions
located down-Bay and up-Bay, respectively. At the top of the figure, x denotes station
locations. The bottom of the channel is indicated in black. Data provided from the EPA
Annapolis Office Chesapeake Monitoring Program.
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of Malone et al. (1986) are shown in Figure 10. Their lateral transect was approximately
25 km to the south of Station 858. The tilt of the pycnocline up towards the east on
August 20 is consistent with ‘normal’ gravitational circulation. The reversal in the tilt on
August 23 was coincident with a northward directed wind event. The across-channel
position of the 858 study site was -1.2 km west of the eastern shoal, which is
approximately the same across-channel position of station 4 in the Malone et al. (1986)
study. Their data show that at Station 4 the mean depth of the pcynocline (as indicated by
the 9 kg/m3 isopycnal) on August 20 was

-8

m and increased to a depth of -13 m on

August 23. This 5 m depth change in the pycnocline associated with the tilt in the
pycnocline forced by changes in the wind is consistent with the observations of the 1993
data set.
The dynamics of this forced response of the pycnocline to the wind may easily be
explained by the Margules relation, which was derived in the introduction to this chapter.
The tilt of the pycnocline to the lowest order is quasi-geostrophic, such that the balance in
the lateral momentum equation is between the Coriolis force and the pressure gradient. A
gravitational circulation with the surface layer directed down-Bay and a lower layer
directed up-Bay support an across-channel pycnocline tilt up towards the east. A reversal
in the residual circulation should result in a change of the tilt such that the pycnocline
should tilt up towards the west when the surface layer is directed up-Bay, and the lower
layer is directed down-Bay. This does appear to be consistent with the field observations
of the current, wind, and pycnocline response during May-June 1993 discussed in the
previous section.
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Figure 10. Malone et al. (1986) transect location and data results of lateral pycnocline tilt
reversal. Reprinted, by permission of author, from Malone et al. “Lateral variation in the
production and fate of phytoplankton in a partially stratified estuary”. Figures 1 and 3.
Marine Ecology Progress Series. 32:149-160. © 1986 by Inter-Research.
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The response of the along-channel residual currents to wind forcing agrees with
the wind-driven response observed by Pritchard and Vieira (1984). They too found that
the surface layer currents were the quickest to respond to wind forcing and the bottom
currents the slowest, with the currents nearest to the pycnocline being the last to respond.
The time lag observed in the lower layer ranged from 10 to 18 hr, which is also consistent
with the findings of Pritchard and Vieira (1984).
In addition, the change in wind direction to east-southeastward on June 1, would
also be consistent with an across-channel wind supported pycnocline tilt up to the west.
What is not clear is if the duration and the magnitude of the wind stress to the east alone is
sufficient to sustain the pycnocline tilt.

However, the data do suggest that this across-

channel wind stress may have allowed the pycnocline to remain tilted up towards the west
even when the northward wind stress had abated, particularly since the abatement of the
across-channel wind stress corresponded to the time when the mean depth of the
pycnocline began to decrease. It should be noted, however, that the initial change in the
depth of the mean pycnocline (15 m) was consistent with a geostrophic response to the
change in along-channel residual circulation.

In addition, the mean depth of the

pycnocline remains constant while the residual currents in the lower layer flow down-Bay,
and the mean depth of the pycnocline changes only when the lower layer residual currents
begins to flow up-Bay.

41

3.5

Summary
The change in the residual circulation from classical estuarine circulation was

observed during the occurrence of a strong northward wind event. The upper layer flow
above the pycnocline was directed up-Bay, and the lower layer flow was directed downBay. At this same time the winds were predominantly directed up-Bay and the mean
depth of the pycnocline was located at 15 m on the eastern side of the channel. A change
in the wind forcing on June 1 from predominantly northward to east-southeastward was
followed by a relatively quick reversal in the direction of upper-layer currents. The lowerlayer currents were the slowest to respond to wind forcing with a time lag of 10-18 hr,
with the currents nearest to the pycnocline being the last to respond.

A return of the

residual currents to that resembling ‘normal’ estuarine circulation coincided with a
decreasing of the mean pycnocline depth from 15 to 10 m on the eastern side of the
channel.
The contribution of the across-channel wind stress to the suppression of the
pycnocline on the eastern side of the channel is uncertain. The data, however, does
suggest that the wind stress to the east on June 1 0000 hr to 1800 hr helped to keep the
pycnocline depressed. The decrease in across-channel winds at 1800 hr along with the
change in the residual circulation coincided with the change of the depth of the pycnocline.
The change in the depth of the pycnocline is consistent with previous observations
of lateral tilt reversals of the pycnocline. The deep pycnocline at the beginning of the field
survey would suggests a pycnocline tilted up towards the western shoal. This tilt to the
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west is attributed to a geostrophic response of the lateral pressure gradient to a reversal in
the along-channel residual circulation. A decrease in the depth of the pycnocline on the
eastern side of the channel, which suggests a pycnocline tilt up towards the east, appears
to be caused primarily by the change in the residual circulation. The observed lagged
response of the pycnocline may be attributed both to the lagged response of the lower
layer currents to the along-channel wind and also somewhat to the direct effect of the
across-channel wind stress.
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4.
4.1

SEMI-DIURNAL TIDAL OSCILLATIONS OF THE PYCNOCLINE
Introduction
In the mid-Chesapeake Bay, the amplitude of the semi-diurnal tidal wave and the

magnitude of the tidal currents are on the order of 0.1-0.3 m and 0.2-0.4 m/s, respectively
(Fisher, 1986). This wave propagates up the Bay as a predominantly progressive wave
such that the maximum tidal currents occur near maximum and minimum tidal height and,
if the system were laterally homogenous, the salinity maximum should occur at slack
before ebb, a 90° phase shift from maximum flood currents (Officer 1976).
Data collected from the mid-Bay region in June 1993 showed principally a semi
diurnal two to four meter vertical oscillation of the pycnocline which occurred 180° out of
phase with the maximum currents through most of the data record (the ratio of the totals
of the semi-diurnal tidal components M2 , S2 , and N2 to diurnal components Kj and Oi is 2
to 1).

Vertical oscillations of the pycnocline that occur at tidal periods have been

previously observed in the mid-Bay region (Malone et al. 1986; Sanford et al. 1990).
Sanford et al. (1990) found that large changes in the DO and salinity at semi-diurnal and
diurnal frequencies could only have been produced through vertical motions of the
pycnocline associated with an internal tide. Their data suggest that the internal tidal
response involved a near-resonant lateral internal oscillation of the pycnocline as indicated
by the 180° phase difference in salinity between the two stations located on opposite sides
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of the channel, i.e. salinity was high on the western shore when it was low at the eastern
shore and vice versa. Lateral seiches have been observed in other partially mixed estuaries
(Dyer 1982; New and Dyer 1987) but the period of these seiches (4-8 minutes) were much
less than a tidal period. These seiches were also thought to be the result of the interaction
of 5-minute period surface seiches with the shallow sides of the estuary.
There are other possible explanations for the observed vertical oscillations of the
pycnocline which can be attributed to a longitudinal internal tide. Internal tides generated
by the flow of the stratified barotropic tide over topographic features have been observed
on continental shelves (Vennel and Moore 1993, among many others), in fjords (Farmer
and Smith 1978) and in partially mixed estuaries (Forrester 1974; Halpem 1971;
Kranenburg 1988).
Since internal tides are baroclinic, they can exhibit strong velocity shear and can
have a significant effect on mixing. Within shallow estuaries, spatial variations in mixing
intensity can give rise to changes in water column structure from mixed to well stratified in
a few hundreds of meters or less. These variations are important to marine life and
productivity since the physical driving mechanisms that control the stratification largely
determine the availability of oxygen to the benthic communities and nutrients to the
phytoplankton. Internal tides also aerate deeper regions when the pycnocline drop, and
they lift phytoplankton into the photic zone when the pycnocline rises.
4.2

Field Observations
The data collection and processing was described in Chapter 2. Additional data

were provided by NOAA and EPA-Chesapeake Bay Monitoring Program (CBP). These
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data consisted of tide height measured hourly at Annapolis, MD. Appropriate corrections
to tide phase and amplitude were applied for the Matapeake Site adjacent to Station 858.
The CBP provided water column measurements of temperature, salinity, DO and
nutrients.
During the beginning of the field observation strong winds from the south resulted
in the depression of the pycnocline on the eastern side of the channel, as previously
discussed. This resulted in the deep pycnocline as shown in Figure 4c. Following a
reduction of the imposed wind stress the system relaxed and the mean pycnocline depth
decreased from 15 to

10

meters.

Tidal period oscillations of the pycnocline were also observed. Figure 11 is a
composite of the tide height, depth-averaged along-channel current speed and the salinity
at 9 m and 17 m. The tidal heights and currents were approximately in-phase, indicative
of a progressive wave. As indicated in the salinity record at 7 m, the minimum and
maximum salinities occurred at approximately slack before flood (SBF) and slack before
ebb (SBE), respectively during the early part of the record when the pycnocline was deep.
During this early time period, the salinity gradually increased 2-3 ppt during the flood tide
and reached a maximum salinity at SBE.
As shown in the salinity record at 9 m, from June 1 at 1800 until the conclusion of
the data collection period, the minimum and maximum salinities occurred at approximately
maximum flood and maximum ebb stages, respectively. During this latter time period, the
apparent 180° phase shift between the salinity and currents/tidal height coincided with a 45.5 ppt change in salinity. In addition, the isohalines within the pycnocline were observed
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Figure 11. Composite of tidal heights, depth-averaged along-channel current velocities,
and salinity at 9 and 17 m.
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m above or below the mean position over the course of a semi-diurnal

tide (Figure 4b note the 9 or 11 isohalines). These changes in the phase of the peak
salinity minimum and maximum and their magnitude are also evident in the temperature
and density records (Figures 4a and 4c). Perhaps less obvious are the tidal changes in the
DO concentrations (Figure 4d). However, a closer inspection of the DO record indicates
that there is indeed a tidal periodicity to the fluctuations in DO and that the DO decreases
when the salinity increases (Figure 6 ). This is consistent with the subtidal observations of
180° phase shift between the salinity and DO concentrations. The likely source/sources of
the tidal oscillations of the pycnocline observed from 1800 hr on June 1 through June 3,
1993 are investigated in the following sections.
4.3

Discussion

4.3.1

Along Channel Temperature and Salinity Gradient
The CBP along-channel water column data collected on June 16, 1993 for the

region of interest are shown in Figures 12-15 . The figures are oriented such that along the
x axis, 0 denotes the along-channel position of Station 858, and negative and positive
values represent positions up and down the Bay, respectively. The bar in the center of
each figure which runs parallel to the x axis denotes the tidal excursion distance. The tidal
excursion was computed using the depth-averaged velocities from the later time segment
(after June 1 at 1800) and calculating the average excursion of a water particle during a
flood tide. This calculation was done for subsequent ebb and flood tides and the average
distance (excursion) was found to be less than
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10

km per ebb or flood tide.

Figure 12. Along channel temperature (°C) distribution for upper- to mid-Bay on June 16,
1993. Data provided by EPA-Chesapeake Monitoring Program (Refer to Figure 9 for
station locations). Station 858 is located at position 0 of the x axis with positive and
negative positions located down-Bay and up-Bay, respectively. Thick black line on graph
parallel to x axis denotes tidal excursion.
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Figure 13. Along channel salinity (ppt) distribution for upper- to mid-Bay on June 16,
1993. Data provided by the EPA-Chesapeake Monitoring Program. (Refer to Figure 9 for
station locations). Station 858 is located at position 0 of the x axis with positive and
negative positions located down-Bay and up-Bay, respectively. Thick black line on graph
parallel to x axis denotes tidal excursion.
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Figure 14. Along channel sigma-t (kg/m3) distribution for upper- to mid-Bay on June 16,
1993. Data provided by the EPA-Chesapeake Monitoring Program. (Refer to Figure 9 for
station locations). Station 858 is located at position 0 of the x axis with positive and
negative positions located down-Bay and up-Bay, respectively. Thick black line on graph
parallel to x axis denotes tidal excursion.
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Figure 15. Along channel DO concentration (ml/1) distribution for upper- to mid-Bay on
June 16, 1993. Data provided by the EPA-Chesapeake Monitoring Program. (Refer to
Figure 9 for station locations). Station 858 is located at position 0 of the x axis with
positive and negative positions located down-Bay and up-Bay, respectively. Thick black
line on graph parallel to x axis denotes tidal excursion.
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It appears from Figure 13 that a 2 ppt change in salinity or a 1 kg/m 3 change in
sigma-t (Figure 14) as observed in the earlier time period (prior to June 1 at 1800 hr)
could be the result of the horizontal advection of the along-channel salinity gradient.
However, a 4-5.5 ppt change in salinity as observed after June 1 at 1800 hr would require
at least a 30 km tidal excursion of the along-channel salinity gradient. On the other hand,
a

2

meter depth increase or decrease of the pycnocline over a tidal period could easily

account for a 4-5.5 ppt change in salinity. Thus these data suggest that the observed tidal
oscillations in the salinity, temperature, density and oxygen were associated with the
vertical movement of the pycnocline more than the result of advection of the alongchannel density gradient. Possible mechanisms responsible for the observed displacement
of the pycnocline include a tidally generated lateral internal seiche, geostrophic adjustment
and a topographically induced internal tide. These processes are each investigated in the
following sections.
4.3.2

Lateral Internal Seiche
Sanford et al. (1990) proposed that a lateral internal seiche could be responsible

for the oscillations they observed at a lateral transect south of Station 858. The equation
to calculate the period of the lowest mode internal seiche is

nci
where Tj is the internal seiche period, W is the width of the cross-section, n is the mode
number (lowest mode n«l), and cj is the internal wave phase speed. Sanford et al. (1990)
used a simplified rectangular cross-sectional geometry, approximated the density
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distribution as surface and bottom mixed layers with a stratified interior, and estimated the
lowest mode internal wave phase speed to be -0.3 m/s. For a cross-sectional width of 7.5
km, and without accounting for nonlinearities or frictional effects, they calculated the
seiche period to be -14 ± hr, therefore suggesting that a near-ddal period internal seiche
was possible in their study region.
Similar calculations as described above were done for the present data set. The
internal wave phase speed was calculated to be 0.5-0.59 m/s using 2 different equations.
The first equation was for a two layer system, such that the long, lowest mode internal
wave phase speed is
where g' = g ( P a - P i )
P2

where hi and I12 represent the thickness of the surface and bottom layer, pi and P2
represent the density of each layer, and g' is the reduced gravity term. The following
values were used for this calculation: ht = 10 m, h2 ■= 13 m, Ap - p2-pi = 6-7 kg/m3 and p2
= 1011 kg/m3. The internal wave phase speed was approximately 0.57-0.62 m/sec.
The other equation used to calculate the internal wave phase speed was for a
continuously stratified fluid with the pycnocline near the center of the water column
(Sanford and Grant 1987).
0.363Hi YZc

In this equation h is the depth of the water column, Hi is the thickness of the pycnocline
and Zc is the distance from the bottom to the mean depth of the pycnocline. The values of
the following parameters were used: the same Ap as above, h = 23 m, Hi *=5.5 m and
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Zc=13 m. The internal wave phase speed for a continuously stratified water column was
calculated to be 0.52 to 0.56 m/sec. Both equations were used to define the bounds of the
internal wave phase speed since the stratification within the pycnocline changed between
the two modes, i. e. two-layer to continuously stratified.
The following values were used to calculate the lowest mode internal seiche: the
lowest, 0.52 m/sec and the highest, 0.62 m/sec internal wave speed calculated from the
two methods above, and

a 4.4 km cross-sectional width.

The

periods of seiche

supported in this part of the Bay for the phase speeds calculated were 3.9 to 4.7 hours.
This would tend to indicate that the oscillations of the pycnocline observed at Station 858
could not be attributed to a tidal period lateral internal seiche due to the combination of
the narrow cross-sectional width of the study area and the strong stratification.
4.3.3

Geostrophic Balance of Along Channel Currents
Since the calculations did not support a tidal period lateral seiche, a further

investigation of the geostrophic balance of the along-channel currents and its manifestation
in the tilt of the pycnocline was conducted. To examine the possible role geostrophy
contributes to explain the observed oscillation of the pycnocline, a two-layer model was
developed to describe the across-channel balance. This first step required a scaling of the
equations of motion to in order to provide an estimate for eddy viscosity. The linearized
momentum equations are
XMomentumEq.

— - Jv ~
dt

— + Az^ -~
p dx
dz
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YMomentumEq.

— + fit = - —— + A j— dt
p By
dz2

Z Momentum Eq.

— = -pg
dz

rln

where x is the along-channel component positive seaward (to the south) and y is the
across channel component (positive eastward), z is positive upwards (as shown in Figure
4), g is the acceleration due to gravitational (9.8 m sec'2), f is the Coriolis parameter (10“
sec'1) and A z is the vertical eddy viscosity ( m2 sec'1). The x-momentum scales as
— ±
T

f^ -U
Lx

±

P.G.

±

Az ~ y - = 0
z h 2

where,
T = time scale of wave period «10 4 sec
f =>Coriolis parameter « 10' 4 sec' 1
V=(Ly/Lx)U (from continuity)
H ■=cross-sectionally averaged depth of the water « 10 m
P.G. = pressure gradient

- ^
(1 0

±

(10- 4 sec- 1 )(0.1)(f/) ±

P.G. ±

sec)

= 0

(1 0 ^m )

In this scaling argument, it is easy to see that the Coriolis force is an order of
magnitude smaller than the acceleration term. Given the nearly progressive nature of the
barotropic tide along the mid-Bay, it is reasonable to scale the friction term as no larger
than the acceleration term. The eddy viscosity then scales to
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Az < ---- ^
(1 0

4

sec"1)

(U)

— < 0 . 0 1 m2/sec.

The across-channel momentum equation is scaled accordingly
± fU
J

LxT
M
(1 0

)
sec)

±

+ ( 1 0 -s e c -X tf)

P.G. ± Az ^ - - ^ t =
z Lx H 2
= P.G. +

0

( ^ 0 > ^ - 1 )(0.1)(t/)
(1 0 m )

The local acceleration and frictional terms are an order of magnitude smaller the Coriolis
term indicating the across-channel momentum equation is in geostrophic balance at the
lowest order:
,

fit

_

“

]_dp
-v
P

Applying the above balance to each layer of a two-layer estuary with a hydrostatic
balance in the vertical yields:

oy

.
pi 5x1* . ar|i
(p 2 —P i)
-----Ju2 = ~ g — ~ ^— S ^ T where g' = g —
p 2 oy
dy
p2

where the subscript

1

and

2

represents the upper layer and lower layer, respectively, rib

represents the surface elevation due to the barotropic tide and t|i represents the interface
(pycnocline) elevation. Assuming p2 /pi - 1 and (p2 *pi) « p2 yields:
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/( « 1 -K 2)= g ' ~ By

The ratio 9r)-,/3y is taken to be the slope of the interface. Assuming that is 8 y equal to the
distance between the mid-width location of the cross section and Station 858 the equation
was rearranged to solve for
fi-

Stl'

where Sy was taken to be

1

=

/(« !-H 2 )8 y

-------- 3--------

km.

The densities and the along-channel velocities above and below the pycnocline as a
function of time were used to determine the relative vertical displacement of the
pycnocline at Station 858. Figure 16 show the results of the model calculations (thick
line) overlaid on the

8

kg/m3 sigma-t contour. The tilt of the pycnocline is marginally

opposite in sense to the sigma-t displacements and the amplitudes of these displacements
are much less than what was observed. This would suggest that the sigma-t displacements
observed were not strongly influenced by the across-channel geostrophic tilt of the
pycnocline.
However, the across-channel tilt of the pycnocline associated with the geostrophic
balance of the along-channel velocities may support the findings of Carter et al. (1978),
Breitburg (1990) and Sanford et al. (1990). Carter et al. (1978) and Breitburg (1990)
both observed the occurrence of maximum salinity at maximum ebb on the western shoal
just north of Cove Point when winds were predominantly from the south. In addition
these increases in salinity were coincident with intrusions of low DO water. Breitburg’s
(1990) data also suggested the importance of tides in controlling the timing and influence
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Figure 16. Model results of geostrophic adjustment of the pycnocline with
sigma-t contour.
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of intrusions since wind-induced upward tilts of the pycnocline alone were insufficient to
create intrusions that extended onto the shallow flanks of the Bay. The model results of
the 1993 data presented here indicate that the across-channel tilt of the pcynocline should
be up towards the western shoal during ebb. Thus, as Breitburgs’ (1990) data suggest,
wind-forced tilt up to the west reinforced by the tidally-forced tilt may increase the
likelihood of an intrusion of low DO, high salinity bottom water onto the western shoal.
Subsequently, a down-Bay wind stress in conjunction with a flood tide could increase the
likelihood of a similar intrusion of bottom water on the western shoal. The data collected
by Sanford and Boicourt (1990) were consistent with the above conclusions.

They

observed lower layer (high salinity and low DO waters) intrusions from the Chesapeake
Bay into the Choptank River located on the eastern shore were always accompanied by
pulses of landward velocities and preceded by pulses of southward (down-Bay) wind
stress. Loesch (1960) also noted the occurrence of the shoaling of pelagic fishes and crabs
in Mobile Bay and the connection between tides and winds.
These examples of intrusions of high salinity, low DO water on opposite shoals
could be supported by the two-layer model described above.

These examples then

demonstrate the importance of the geostrophic balance of the along-channel currents in
the across-channel momentum equation which could possibly explain the subsequent
oscillations observed by Breitburg (1990) and Sanford et al. (1990).
4.3.4

Topographically induced internal tide
Another possible explanation for the observed displacements could be associated

with an along-channel tidal period internal wave or internal tide. Internal tides are not the
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result of direct astronomical forcing but can be generated by the flow of the barotropic
tide over topographic features (e.g., Wunsch 1975). For example, the barotropic tide can
force a stratified flow to follow the topography, causing the density field to oscillate
vertically (Drakopoulos and Marsden 1993). If a pycnocline nearly coincides with a
topographic feature so that little of the lower layer extends above the feature, internal
tides may be generated in response to the discontinuity in flow at the rapid change in
bathymetry (Stigebrandt 1976).
Rattray (1960) investigated how internal waves of tidal period would be generated
in coastal regions as well as determining the characteristics of the resulting waves using an
analytical two-layer model. A similar two layer model was developed to explain the
generation and amplitude of an internal tide which could have been generated at a
bathymetric discontinuity in the upper Chesapeake Bay. The along-channel bathymetry 12
km north of the Station 858 study site rapidly changes from approximately 12 m to 23 m.
The following derivation provides insight into the generation of a topographically
induced internal wave which would occur at the semi-diurnal tidal frequency. In this
scenario the x axis is oriented positive down-Bay (seaward). For consistency between
figures (Figures 12-15 and Figure 17), the 0 position represents the along-channel location
of Station 858. However for this model x - 0 at the discontinuity in the bathymetry (x
+12=0). The boundary conditions at the discontinuity are such that the along-channel
velocity goes to zero for depths between hi and the bottom. Satisfying this boundary
condition requires a flow in the lower layer with a velocity equal and opposite to the
velocity associated with the barotropic tide. This can be achieved via a baroclinic flow.
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Figure 17. Schematic of topographically induced internal wave.
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The tidal flow in the along-channel direction would consist of three velocities: Ub, the
velocity associated with the barotropic flow and two velocities, uj and U2 associated with
the baroclinic flow. Using the shallow water approximations for low frequency waves, at
x+

1 2

km = 0 ,
u b=

£lb Cb
h

>
i s t *
>
1 st*
c o s ( ( o t - k b x ) = U b c o s { ( $ t - k b X ) ; Ub

Cb
= ---- h

ui= - U b cosCco/ —fcjc)
where ab is the amplitude of the barotropic tide, Cb is the phase speed of the barotropic
tide, h is the local depth of the water, to is the radian frequency, and ki and kb are the
radian wave numbers of the baroclinic tide and the barotropic tide, respectively.
Substituting, u2 and T |t where
71j (*, y, t) = ai(y) cos (to / - k x - <}>)
into the linearized continuity equation for the lower layer of a two-layer fluid system on
obtains
—hi

9 M2 _

3 T )j

d t

9x

and differentiating the equation for u2 with respect to x and the equation for ni with respect to
t, then the amplitude and phase of the internal wave, a; and § are
Ubh2

,

< 3!= ---------- , <p = 7 t
Ci

Ub was calculated using an amplitude, ab = 0.3 m (Fisher 1986), a phase speed of the surface
tide Cb- 15.0 m/sec, where cb = (gh)0J and the water depth, h - 23 m. Ub was equal to 0.20
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m/sec and substituting this value, along with h2=

12

m, and the internal wave phase speeds of

0.52 to 0.62 m/sec, previously calculated into equation above gives an internal wave amplitude
of 4.6 to 3.9 m, respectively. The phase of the wave at the discontinuity would be depressed
downward during the ebb tide. As the wave propagates down the Bay the internal tidal
amplitude would be expected to decrease due to dissipation.
It was determined that the wave crest would occur Station 858 during the ebb
phase of the tide. The wavelength, Xi of the internal tide was found to be 22.4 to 26.8 km,
where
Xj = a T

and Ci *= 0.52 to 0.62 m/sec and T (sec) is the period of the semi-diurnal tide. The alongchannel position of data collection site was

12

km downstream of the bathymetry

discontinuity approximately 1/2 of wavelength away.

As shown in Figure 17, the

pycnocline is depressed at the discontinuity during the ebb and is elevated

1 /2

wavelength

downstream. Therefore, according to this model the pycnocline depth would be expected
to decrease during maximum ebb and the depth of the pycnocline would be expected to
increase during maximum flood a

1 /2

wavelength downstream of the discontinuity, at

Station 858, assuming that the mean ebb and flood currents are of the same magnitude and
duration. These results are consistent with the observations from June 2 onward.
4.3.5

Internal Tide Propagation Model
Now that it was understood analytically that an internal tide could be generated at

the discontinuity in bathymetry north of the study area, it was necessary to ascertain the
magnitude of the elevation of the pycnocline at the collection site due to an internal tide.
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This required the further development of a two-layer model to describe the propagation of
an internal tide.
It is assumed that the frictional effects are negligible, the Coriolis force is small
compared to the local acceleration and the pressure gradient, and that the pressure is
hydrostatic. For a two-layer system, the vertically integrated and linearized along-channel
momentum and continuity equations for the upper layer are (Stigebrandt 1976):
d n 1 = _ d'Hb
8 3jc
. am
dx

d f a b - 'n O
a t

and for the lower layer are:

..

Pi

3t

p2 dx

dx

. d ui arij
- h i —— = -rJdx
d t
where uj (u2) and pi (p2) are the velocity and density of the upper and lower layer, hj and h2 are
the thickness of the upper and lower layer, and t|b and rji are the displacements of the surface
and interface. Assuming that ar|b « arji and subtracting the lower layer equations from the
respective upper layer equations, the momentum equations reduce to
9 ( h i - M2) _

dt

,8 1 1 1

~ 8 dx

and the continuity equations reduce to

65

d ( u \ - U 2 ) _ (hi+fn)dT]i
3 a:
hihi 3 t
Differentiating the reduced momentum equation with respect to x and differentiating the
reduced continuity equation with respect to t, the following equation is obtained:
, 3 2m _ (hi+hi) 3 2 t|i
^ dx2
hi hi 3 / 2
This is a wave equation for which the solution in terms of r|i is
T |i(jc , y, t) =

ai ( y ) cos (to t - k i x -

$

)

where ai is the amplitude of the internal wave, and § is its phase. The x and t dependence of r|i
along with its phase, <{>= n come from the previous section. Substituting r|i into the wave
equation leads to
(hi+hi)

where the internal wave phase speed, Ci, is
(hi+hi)

Substituting the r|i solution into the differenced momentum equation results in

t
Integrating with respect to t

0

)

then if ui-u2 = AUcos(tot-kiX)
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This was translated into the elevation of the pycnocline interface rii
aAu

—
8

where Au = ui - u2.
The model results for T]i are overlaid on the contour of the 8 kg/m3 sigma-t (Figure
18). The results show very good agreement with the isopycnal displacements at tidal
periods particularly from June 1 at 1600 hr through June 3 at 1000 hr. The peaks at June
1 2300 to June 2 0200 hr, June 2 1000 to 1300 hr and again at June 2 2000 to 2200 hr all
coincide with maximum ebb. The model results for the displacements of the pycnocline at
maximum flood and ebb on June 3 do not exactly map the observed displacements of the
isopycnal surfaces. The discrepancy in the amplitude may be due to the influence of the
wind stress which changed directions on June 2 at 1400 from predominantly down-Bay to
up-Bay.

However, the general trend is consistent between modeled results and

observations. Thus it would seem that the vertical oscillations of the pycnocline on a tidal
period could be explained via the model described above.
One other thing to note is the slight asymmetry in the shape of the displacements.
This asymmetry might result from effects associated with the propagation of the internal
tide in an alternating tidal flow. It is expected that the trough of the wave will be wide as

Figurel 8 . Internal wave model results of pycnocline displacement with 8 kg/m3 sigma-t
contour. Sigma-t values calculated from CTDF measured salinity and temperature.
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the wave propagates in the same direction as the ebb tide (over the region between the
generations and observation sites), and that the crest will be narrow as it propagates in an
opposing flood tide.

This asymmetry described is consistent with the shape of the

displacements shown on Figure 18.
It is also possible that a process similar to the asymmetry previously described, but
due to the effects of the mean residual currents, could resolve some of the ambiguity
associated with the phase and magnitude of the salinity minimum/maximum during the first
part of the field survey. In particular, the salinity maximum occurred at SBE, and the
salinity minimum occurred at maximum ebb during the early part of June 1. Part of this
ambiguity may be resolved by the fact the mean residual (nontidal) current flow is downBay at this time. To have the observed 90° phase shift in the maximum salinity and
maximum flood would require 0.2-0.3 m/sec down-Bay residual currents for depths
associated with the pycnocline, i.e., 12-19 m. The along-channel residual currents shown
in Figure 7 for the early part of June 1 are about the right magnitude to account for the
early arrival of the crest of the wave at Station 858. In addition, the mean residual flow
along with the expected asymmetry may account for the apparent lack of phase shift
between the minimum salinity and maximum ebb tide.
It would be anticipated that this internal tide would propagate as an internal Kelvin
wave since the internal Rossby Radius of Deformation

was approximately 5 km. Internal Kelvin waves of tidal period have been observed in the
St. Lawrence River (Forrester 1974).
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4.4

Summary
It would appear from the results presented in this chapter that the 2-4 m

oscillations of the pycnocline at the semi-diurnal tidal period measured at Station 858 in
the mid-Chesapeake Bay during the late-spring of 1993 could be explained by an internal
tide. It was assumed that an internal tide was generated by the flow of the barotropic
surface tide over the bathymetric discontinuity located at approximately

12

km north of

the study site. A two-layer internal tide propagation model was developed to calculate the
amplitude and phase of the pycnocline displacement associated with an internal tide. The
model results and the observed displacements agreed extremely well. The examination of
other possible sources such as a internal lateral seiche of semi-diurnal tidal periodicity,
advection of the along-channel density gradient and a geostrophic response of the tilt of
the pycnocline to changes in the along-channel currents and the systematic elimination of
these mechanisms led to the above conclusion.
Although the other mechanisms listed above did not appear to support the
oscillations of the pycnocline observed at Station 858, that does not mean they are not
important at other frequencies or at other locations in the Bay at tidal frequencies. For
example, as discussed in this chapter, the displacement of the pycnocline observed by
others (Sanford et al. 1990; Breitburg 1990) may be explained by a geostrophic response
of the pycnocline to the along-channel velocities resulting in a tilt of the pycnocline up
towards the eastern shoal during the flood tide and up towards the western shoal during
ebb consistent with the data of Carter et al. (1978), Breitburg (1990), and Sanford and
Boicourt (1990). However, the data shown here from Station 858 indicate that the tilt of
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the pycnocline at the observation point associated with the geostrophic balance was not as
important as the displacement of the pycnocline due to the internal tide. The lateral
internal seiche may more appropriately explain the findings of Sanford et al. (1990) where
the transect was wide enough to support a tidal period seiche. Although the acrosschannel width of the study site was too narrow and the strength of the stratification
precluded a tidal period lateral seiche from occurring, seiches at other periods (3-4 hr)
may occur in response to tidal forcing. All of these mechanisms allow for vertical and at
times lateral mixing of passive scalars such as temperature, salinity, DO, plankton and
nutrients. In all of these cases tides are the principal forcing mechanism.
The tidal advection of the along-channel density gradient can not be completely
ruled out on the basis of the data shown here. The spatial resolution of this data set is
inadequate to address tidal advection of both along-channel and across-channel density
gradient. However, the water column data provided by the EPA-CBP program suggest
that advection of the along-channel density gradient is insufficient to explain the apparent
changes in the density.
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5.
5.1

HIGH-FREQUENCY PROCESSES

Introduction
In this section, the ways in which high-frequency (short-period) processes may

influence vertical mixing and transport across isopycnals, and how they relate to the temporal
variability observed in the pycnocline and the stratification were investigated. Although the
principal sources of turbulence and mixing in an estuary are meteorological forcing and tidal
forcing, the mechanisms by which that energy ultimately translates into vertical and horizontal
fluxes is not clear. It is difficult to distinguish between turbulent erosion of the pycnocline
through bottom or surface generated turbulence and instability and mixing across the
pycnocline itself (Sarabun and Dubbel 1990).

Vertical and lateral mixing are important

processes in partially mixed estuaries since they control the vertical and horizontal fluxes of
momentum, heat, salinity and nutrients in the water column. Local mixing such as that due to
internal waves breaking will primarily impact vertical exchange. Other processes such as
intrusions, sinking tributary waters and fronts, have the potential to transport distinctly different
water masses considerable distances before dilution occurs. The fact that these processes have
been observed in or near the pycnocline suggests their importance in defining the structure of
the pycnocline and the strength of the stratification on short time scales.
The first objective of the research contained in this chapter was to briefly review
previous work addressing high-frequency internal waves, fronts and homogeneous layers in the
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mid-Chesapeake Bay, with the primary emphasis on the layers. The majority of this work has
yet to be published in the refereed literature, and this review is the first to synthesize this
material in the context of the overall dynamics of the Bay. A discussion of the possible
processes responsible for the formation of layers is also included in this review but contains
observations from both the Chesapeake Bay and other estuarine environments, since the
amount of field work in the Chesapeake Bay pertaining to these processes is limited.

The

other objective for the research contained in this chapter was to identify similar high-frequency
phenomena in the 1993 field data with again the primary focus being homogeneous layers and
processes responsible for their formation.
5.1.1

Internal Waves
Beginning in the mid-1980’s Johns Hopkins University Applied Physics Laboratory

conducted annual field surveys in the mid-to-upper Chesapeake Bay to study internal waves.
During the course of the studies, the investigators found that the most ubiquitous features in
the thermistor chain data they collected each year were internal waves, although the internal
wave energy was not uniformly distributed in time. During their studies Sarabun et al. (1985)
identified three types of internal wave fields in the mid-Chesapeake Bay: random,
homogeneous wave fields similar in spectral character to their oceanic counterparts;
monochromatic, large amplitude internal wave trains; and very short, high-frequency internal
waves.
Sarabun et al. (1985) frequently observed internal waves with frequencies (0.5 to 1
cycles-per- minute (cpm)) near or at the local buoyancy frequency, and with largest waves
attaining wave heights of 6 to 7 meters. Between the wave crests of the largest waves they
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observed clouds of acoustic scatterers (most likely small zooplankton such as copepods) that
were concentrated by the convergence in the wave’s velocity fields. Internal waves (60-100
sec period) with frequencies near the pycnoclinal Brunt-Vaisala frequency and with amplitudes
of 1 m have also been observed in the lower Bay (Wright et al. 1992).
The results of Sarabun et al. (1986) pertaining to the directionality and internal wave
phase speed of the monochromatic internal waves are shown in Figure 19. Their results
showed a strong relation between tides and propagation direction with waves propagating to
the east-southeast during the ebb phase and towards the north-northeast during the flood tidal
phase. Data collected in 1986 showed that the piers for the Chesapeake Bay Bridge form a
major source of high-frequency activity. Thermistor chain tow data from 1989 revealed that
the western shoal edge was also a source of internal waves (Sarabun and Frizzell-Makowski
1993).
To estimate the energy level of the internal wave field observed by Sarabun et al.
(1986) and its association with tide phase, they calculated the root-mean-square (rms) isotherm
displacements. Sarabun et al. (1986) found that in the 1984 and 1985 data, there was one
major peak in the rms displacements per tidal period which tended to occur during the late
flood tidal phase (Figure 20). The results from the 1986 experiment showed peaks in the rms
isotherm displacements to occur both during ebb and flood tidal phases with the most
significant peak occurring during ebb.
Because strong stratification persists in the mid-Bay and lower-Bay from spring
through summer, high-frequency internal waves will probably have a strong effect on the local
structure and movement of the pycnocline during this time. The breaking of internal waves
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Figure 19. (a) Directionality and phase speeds of monochromatic internal waves as
measured by Sarabun et al. (1986). The long, downward pointing vector at Station 838 is
a scale vector representing 1 m/sec. (b) Direction of internal waves as a function of the
phase of the tide at Station 858 as observed by Sarabun et al. (1986).
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Figure 20. Root-Mean-Square (rms) isotherm displacements as a function of tidal stage
for late-spring 1984,1985 and 1986 at Station 858 (Sarabun, et al. 1986).
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provides a means to mix the water across isopycnals, thereby diminishing the stratification.
This can result in the partial reaeration of anoxic bottom waters with highly oxygenated surface
waters, a replenishment of nutrients, and an increase in biological interactions. Tyler and
Seliger (1978, 1981) have shown that important biological communities may be confined in
vertically thin bands near the pycnocline. These thin bands may be strongly affected by
energetic large amplitude internal waves, as well as by overturning and mixing events. In
addition, vertical oscillations associated with internal waves can significantly affect the average
light exposure of passively advected phytoplankton cells by increasing exposure to the higher
light levels present nearer the surface, which results in an increased potential for photosynthetic
activity. Because of the exponential decrease of light intensity with depth, the light exposure
of a phytoplankton cell oscillating about its equilibrium depth is greater than that of a stationary
cell at the same depth. Brandt et al. (1986) estimated an increase in the light intensity by a
factor of 4.5,12 and 33 for internal wave amplitudes of 1.5, 2.5 and 3.5 meters, respectively.
Pettigrew et al. (1996) derived an analytical expression for what they called an internal wave
brightening factor. They calculated a 15% increased brightening in the Gulf of Maine for an
internal wave amplitude of 5 meters.

This brightening resulted in a deepening of the

compensation depth by one meter.
5.1.2 Fronts
The estuarine front is also a ubiquitous feature of the coastal plain estuaries of the East
Coast (Sarabun 1993; Huzzey and Brubaker 1988 and others). Fronts are very often aligned
parallel to the axis or main channel of the estuary. Their time scale for genesis and decay is of
the order of hours and they are usually located at the inner edge of the shoals or over the main
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channel (Huzzey and Brubaker 1988). The convergence at the front line results in the
formation of a foam line which is generally observable at the surface.
Fronts can form as a result of bathymetric modulation of the tidal currents and may
occur on either ebb or flood tides. These fronts as observed by Sarabun (1980) and Huzzey
and Brubaker (1988) are brought about by the lateral difference in current magnitude, which
when acting upon a longitudinal density gradient are sufficient to generate lateral gradients.
When the density gradients are the greatest, longitudinal (along channel) fronts are formed and
their associated convergent flows are driven by the horizontal pressure gradient.
Tidal fronts have been routinely observed in the study area (Sarabun 1993). The
lighter water from the shoal regions propagates into the adjacent channel, overriding the
channel’s denser water. Once formed, the light water pool may propagate relative to the
underlying water at speeds up to the appropriate internal wave phase speed (Sarabun 1993).
The light water pool above the frontal interface generally tends to be much more turbulent than
the underlying water.

Internal wave activity on the interface is frequently observed to be

accompanied by episodic overturning and wave breaking events. The light water pool is
depleted by mixing as the front ages, and large meanders may develop.
Fronts may act both as a barrier to vertical and horizontal mixing and as a transport
conduit for passive scalars such as oxygen, plankton, nutrients and pollutants. Plankton (both
phyto- and zoo-) in the ambient surface water near a front are subjected to the convergent
current field. They are moved towards the front where they are transported to deeper depths
along the frontal interface and are subsequently carried horizontally away from the front. Some
organisms such as Brachyuran crab larvae (Epifano 1987) migrate into the upper layer where
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they are again transported towards the front. This process is repeated many times resulting in
the concentration of the plankton and larvae. Thus, fronts are typically found to contain high
concentrations of both phytoplankton and zooplankton. In addition to plankton, fronts can
also concentrate material such as heavy metals and debris, particularly in the foam line. Fronts
may also act as a barrier to lateral mixing and dispersion as evidenced by the work of Sarabun
(1980) in which he found large differences in the nutrient concentrations across a tidal front
observed in the Delaware Bay.
5.1.3

Layers
The main emphasis of this review section is thin homogeneous layers which have been

observed in the pycnocline in the mid-Chesapeake Bay, and the association of mixing and
transport processes that may contribute to the formation and propagation of these features.
The homogeneous laminae to be investigated have been observed in time series of ship-moored
thermistor chain data and vertical conductivity-temperature-depth-fluorescence profiles.
Observations show the regular occurrence of thin, 0.5 to 3 m thick, homogeneous laminae
which persist for periods of 10 minutes to several hours. High-frequency internal waves have
been observed on the leading edge of some of the laminae.
The onset of one such event is shown in the time series from a thermistor chain moored
at station 838 (Figure 21). The well-mixed water of the layer is colder than the overlying water
and wanner than the underlying water. Thus, in the time series, the onset of the event is seen in
the temperature drop in thermistor T6 as it encounters the relatively colder water of the wellmixed layer. Thermistors T3 and T4 rise in temperature instead as they encounter the relatively
warmer water of the layer. Since the spacing between thermistors was 50 centimeters, this
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Figure 21. Onset of the presence of a homogeneous layer within the pycnocline as
measured with the thermistor chain in 1986 at Station 838. Note the temperature drop in
T 6 and the temperature rise in T3 and T4. Also note the internal waves on the upper,
leading edge of T6 at 1013.
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event represented a layer thickness of one and one-half to two meters. Note the internal wave
activity on the upper, leading edge of the layer (T6 ) beginning at about 1013.
A review of the thermistor chain data collected originally to investigate internal
wave activity at three stations in the upper Chesapeake Bay during the spring of 1986
provided a cursory look at the prevalence and observed duration of similar events during 2
tidal cycles per station. The layers varied in observed durations from 20 min to over 2 hr
and varied in vertical thickness from 0.5 to 2.5 m. Frequently, but not always the thinnest
layers were observed for the shortest duration.

Table 1.

Possible Intrusion Events Observed During Spring 1986

STATION

906

858

838

Hours On Station

25

25

25

Number of Intrusions

7

3

8

Duration

<30 min

2

0

4

30 min to 1 hr

3

2

2

>1 hr

2

1

2
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In spring 1991, a several-day field test in the mid-Bay was conducted specifically to
study events similar to those seen in thermistor chain data from previous years. One event was
observed at Station 858.

Conductivity-Temperature-Depth-Fluorescence (C7TDF) profiles

collected during the event show a distinct well mixed

1

m thick layer within the pycnocline

which had not been observed in prior profiles collected (Figure 22). This layer was tracked in
time for 2 hours until high surface winds forced abandonment of the station.
Much uncertainty exists concerning the role these features have in relation to the
mixing and transport in the Bay. If the layers are very short lived, are spatially very limited, or
rarely occur, then their net effect in the Bay will be small. However, if these features occur
frequently, last for some time and have a significant volume, then they have the potential to
represent significant transport pathways. The data from 1986 and 1991 suggest that these
features do occur frequently and for a long enough duration that they may very well be
important to the vertical exchange and horizontal transport of water column properties,
nutrients and plankton in the estuarine environment.
There are several possible source mechanisms to explain the formation of the
homogenous layers observed.

These mechanisms include breaking internal waves, shear

instabilities, boundary layer mixing, turbulent eddying wakes generated from the tidal flow
around the Chesapeake Bay Bridge complex, fronts and sinking tributary water. In cases
where the layers are formed locally as the result of mixing from breaking internal waves or
shear instabilities, their impact will be primarily on vertical exchange. Layers formed as a result
of nonlocal mechanisms have the potential to allow scalars such as nutrients, oxygen and
pollutants to be transported significant distances without appreciable dilution and may then play
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Figure 22. Temperature Profiles at Station 858 in spring, 1991. Al-m thick layer is found
at ~ 7 m in temperature profiles collected at 0500 hr and later.
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an important role in the redistribution of scalars in the Bay.
In a stably and continuously density-stratified fluid the breaking of internal waves, local
shear instability, or boundary layer mixing may result in a mixed, turbulent region (i. e., layer).
The mixed fluid layer evolves, gradually becomes flattened and begins to penetrate into the
stratified fluid as tongues or intrusions. Under the influence of the excess pressure brought
about by the differences in the densities of the mixed layer and surrounding stratified fluid, the
fluid in the mixed layer begins to spread outward into the stratified fluid at the density level
which corresponds to the density of the mixed region. Finally, the entire fluid in the mixed
regions falls to this level, thus resulting in the collapse of the constant density region. This
mechanism typically forms layers with a vertical-to-horizontal scale ratio of 2 to 3 xlO' 3
(Benilov 1989). This phenomena, which has been called mixed region collapse, is one of the
mechanisms for the formation of vertical fine-structure in the oceanic pycnocline.
Waves
It is possible that the features observed in the Bay in 1991 were the result of breaking,
mixing and subsequent mixed region collapse associated with large internal waves. Large
amplitude internal waves with as much as six meter crest-to-trough wave height, and their
subsequent breaking have been observed (Sarabun and Dubbell 1990). The wavelengths of the
internal waves were on the order of two hundred meters (Sarabun et al. 1986). An appropriate
size for a layer formed from internal wave breaking can be calculated using the above
wavelength and a wave amplitude of 3 m. If the original wave collapses into a layer one meter
thick and circular spreading of the mixed region is assumed, the resultant layer will have a
length scale of a few hundred meters This vertical to horizontal length scale is consistent with
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the theory for mixed region collapse. For current speeds of near 25 cm/sec, such a collapsed
region would appear to persist for < 30 min. Some of the homogeneous layers observed in the
historical data persisted for times on this order.
Partch and Smith (1978) observed intense mixing periods in a salt wedge estuary to be
very time dependent. They deduced that the intense mixing periods were caused by the
breaking of long internal waves unable to travel upstream against the current associated with
maximum ebb. Their data suggested that one-fourth of the total salt flux into the upper layer
was due to this process.
Bridges and Eddying Wakes
New et al. (1987) observed intense mixing periods and interleaving layers in the Tees
estuary, a partially stratified estuary. Their data suggested that the mixing events and
interleaving layers were the result of turbulent eddying wakes produced by the Stockton Bridge
complex at the time of high water. The mixing and layers were then advected downstream
with the ebbing tide. This type of mechanism may be important to the Station 858 study site
because of its proximity to the Chesapeake Bay Bridge complex 2 km upstream.
Shear Instabilities
Another possible source of the homogeneous layers observed is turbulent, diffusive
mixing in the high gradient region between the deeper more saline water in the main channel
and the overlying Susquehanna River plume. Laboratory studies by Ruddick et aL (1989) have
shown that turbulent mixing in such a situation can result in vertical profiles with layers similar
to those observed during the 1991 field test.
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The threshold for mixing in a stratified fluid occurs when the destabilizing effect of the
velocity shear overcomes the static stability of the fluid. This can be determined from the
gradient Richardson Number:
p *

N

2

(du / dz) 2
where N represents the Brunt-Vaisala or buoyancy frequency of the fluid, and du/dz represents
the vertical gradient of the horizontal velocity of the fluid. Theoretical and laboratory studies
indicate that mixing occurs for Ri < 0.25.
Geyer and Smith (1987) found shear instability to be the principal mechanism of
vertical exchange within the pycnocline of the Fraser estuary. However, they did not observe
the formation of homogenous layers within the regions of the pycnocline where shear
instabilities were found to have occurred. This may be due in part to the fact that the vertical
separation between conductivity sensors was the same size as the largest instabilities (0 . 8 m)
they observed. Partch and Smith (1978) found a number of regions of high shear in their study
of the salt-wedge Duwamish Estuary. These were associated with the upper edge of the
pycnocline and generally occurred during the flood tides. The thickness of these shear regions
rarely exceeded 50 cm.
Sinking Tributary Water and Fronts
Sinking tributary water can possibly result in the generation of such layers as suggested
by the interpretation of the dye study of Tyler (1984). In that case, the Chester River surface
water exited the mouth of the Chester River and sank below the Susquehanna River water to
form a thin, intrusive layer. This mechanism may be more easily identified than the other
mechanisms described above. If the thin laminae observed were the result of sinking tributary
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water, the physical-biological-optical signature of the layer would be expected to be
significantly different than the ambient water and more characteristic of the parent surface layer
in the tributary. Similarly, the passage of a front may result in a layer which has distinctly
different properties than that of the ambient water.
Boundary Layer Mixing
Phillips et aL (1986) speculated that for a stratified system, a potentially significant
mixing mechanism was driven by turbulent mixing at the side boundaries of the main channel,
thus resulting in another possible mechanism to explain the formation of what has been
observed. Their laboratory studies, using a salt-stratified fluid in a container with a sloping
boundary, showed that such a mechanism produced enhanced diffusion of salt up- and
downslope. This dispersion tended to spread salt beyond the depth range of the pycnocline in
the ambient fluid. This in turn produced a mean convergence in the boundary layer and
intrusions from the boundary layer into the ambient fluid (Phillips et aL 1986). An alternate
interpretation of the dye study conducted by Tyler (1984) was cited as offering support for
boundary layer mixing in the Chesapeake Bay.
The many formation mechanisms for layers and the other high-frequency processes
described in this chapter have a profound effect on the stability of the water ultimately by
controlling the vertical and at times lateral flux of mass and momentum. Not only are the
physical properties such as temperature and salinity of the water altered, but these highfrequency physical processes can affect the biological communities in the Bay directly. In the
following sections, the high-frequency processes that were observed during the 1993 field
survey are described.
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5.2

Field Observations
The field observations for internal waves and fronts are only briefly described to

convey the information that these features are routinely observed in the mid-Bay. The
primary discussion focuses on homogeneous layers. The fact that internal waves and
fronts may be associated with the formation of the layers was another reason for their
inclusion in the field observations and discussion section.
5.2.1

Internal Waves
As in previous years, high-frequency internal waves were frequently observed

during this study. Figure 23 is a picture of the Broadband (BB) ADCP backscatter
showing a well formed internal wave train which occurred during the flood tidal phase.
Simultaneous thermistor chain data captured the same wave train (Figure 24). The mean
amplitude of this wave train is 1 m. These figures show oscillations of steadily increasing
frequency, i.e., the longest period wave occurs first. The increasing frequency of the
waves could be attributed to either a nearly uniform train of waves propagating in an
increasing mean current or a dispersive wave traveling in the same direction as a steady
mean flow. The measured flood current was constant (0.57 m/sec) for the duration of the
wave packet shown here, which suggests these oscillations are the result of a dispersive
internal wave train. The direction of wave train propagation cannot be determined by a
point measurement. However, if it is assumed that this wave train is propagating in the
direction of the flow, which is consistent with the observations of Sarabun et al. (1986)
taken under similar conditions; then
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Figure 23. Broadband ADCP backscatter image showing an internal wave train which
occurred at 0430 hr on June 3,1993.
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Figure 24. Thermistor Chain Data showing oscillations of the temperature traces of
individual thermistors caused by the passage of the same wave train in Figure 23.
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COo= ( 0 ± k U
where C0 b is the observed frequency,

(0

is the intrinsic frequency of the internal wave, k is the

wavenumber and U is the mean velocity.
The intrinsic frequency (period) and wave length can be calculated from the dispersion
relationship for a two-layer system. The linear dispersion relation for the lowest mode internal
wave in a two-layer system propagating with the mean flow (Phillips 1966) is
(a>„ - U k f = g'

---- ---------coth&m + coth/:/j2

For each observed wave frequency in the wave train shown in Figure 23, this relation was
solved numerically to yield values of k, and the corresponding wavelengths. Subsequently, the
intrinsic frequency and the internal wave phase speed for each wave was calculated. The
observed and intrinsic period, wavelength and internal phase speed are listed in Table 2. The
wavelengths were on the order of 100-300 meters which were consistent with the findings of
Sarabun et al. (1986) who used a spatial array. The peak Brunt-Vaisala frequency was found
Table 2. Internal Wave Parameters

1
2

3
4

180
108
86.4
72

340
210

169
144

216
127
98
81

0.636
0.602
0.58
0.56

to be 0.5 to 2 cycles per minute (120 to 30 sec periods, respectively).
The rms isotherm displacements were calculated for the time period June

1

1400 to

June 3 2000. The rms isotherm displacement were calculated as follows: (1) the mean depth of
individual isotherms were calculated over a 300 sec sampling time segment; (2) the deviation
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from the mean depth was computed for each data sample in the segment and squared; (3) the
squared instantaneous deviations were averaged over the sampling time and (4) the root-mean
square deviation/displacement was obtained by taking the square root of the measured mean
square deviation. A sliding window average rms displacement was calculated over the entire
time period. The rms displacements are shown in Figure 25 and the tidal phases are denoted at
the bottom of the figure. It is assumed that the contribution of relict fine structure to the
isotherm displacements is smaller than the contribution from internal waves.
The largest displacements o f the internal wave field were found to occur during both
ebb and flood, although the trend appears to indicate slightly larger mean displacements during
ebb. This is most consistent with the results obtained by Sarabun et al. (1986). Yet, the
magnitude of the largest displacements for the 1993 data set was similar to the 1984 and 1985
rms displacements with values of 0.5 to 0.7 m being the largest. The 1986 rms displacements
as measured by Sarabun et al. (1986) were about twice as large as the 1993 data set and their
1984,1985 data sets. For the 1993 data set, displacements greater than or equal to 0.2 m were
observed less than half of the time over the course of a semi-diurnal tidal cycle. Larger
displacements were found to occur considerably less often.
5.2.2

Fronts
A front similar to that observed at station 8 5 8 by Sarabun (1993) occurred at the end

o f the ebb tidal phase at 2200 hr on June 2. The density profiles collected prior to and during
the passage of this front along with the sigma-t profiles collected during the passage of a front
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Figure 25. Root-mean-square (rms) isotherm displacements for June 1 at 1400 hr to June
3 at 2000 hr.
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in the same location in 1985 (Sarabun 1993) are shown in Figure 26. The 1993 before-front
density was '-1005.5 kg/m3 between 3-6 m and during the front the density decreased to 1004
kg/m3. Sarabun also observed a 1 kg/m3 density decrease in the near surface water after the
passage of the frontal interface. Both the 1985 and 1993 density profiles show a deepening of
the surface layer until reaching an asymptotic depth of 7-8 m. The assertion that the event seen
on June 2 at 2200 hr was attributable to a frontal passage is reinforced by the acoustic
backscatter intensity (Figure 27). Since fronts are known to act as a concentrating mechanism,
the front is indicated by the increase in backscatter intensity. Note the yellow-red colored mass
(higher intensities) that begins at about 2145 hr. The increase in intensity represents an
increase in the number of scatterers which are thought to be predominantly zooplankton
(Sarabun et al. 1986). The chlorophyll fluorescence profiles for this same time period are
shown in Figure 28. The relative fluorescence level from 3-6 m depth prior to the front was
3.6 -3.8. The fluorescence level increased to greater than 4 during the passage of the light
water pool. The increase in both the backscatter intensity and the fluorescence level, and the
decrease in density of the surface water supports the assertion that a tidal front followed by a
light water pool had in fact advected past Station 858 during this time.
5.2.3

Layers
Homogeneous layers were found to occur frequently throughout the 1993 data

collection period. At times a single layer was formed and at other time multiple layers were
formed (Figure 29). Twelve time periods were selected for detailed attention because they
contained well-formed layers. The occurrence, vertical extent, duration, spatial extent and tidal
phase are identified in Table 3 . There did not appear to be any simple relation between the
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Figure 26. (a) Sigma-t profiles before and after frontal passage in 1985 at Station 858 .
(b) Sigma-t profiles before and after frontal passage on June 2 1993 at Station 858. Note
the progressive deepening of the light-water pool to an asymptotic depth of 7 meters.
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Figure 27. Color scale-encoded Broadband ADCP backscatter intensity showing the
frontal passage at Station 858 on June 2,1993. The light-water pool after the surface
front is the yellow-red colored region near the surface. Note the thin, dark layer extending
from the surface before the front to a depth of 5.5 m below the light-water pool.
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Figure 28. CTDF fluorescence profiles before and after the passage of the front at Station
858 on June 2,1993.
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Event 2 Chlorophyll Fluorescence Profiles
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Figure 29. Representative cases of CTD sigma-t profiles containing a single layer (from
Data Set 11 at the beginning of the time period, multiple layers were observed later) and
multiple layers (from Data Set 4).
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Single Layer (CTD193)

Depth (m)

Multiple Layers (CTD69)

-10

£-10

-1 2
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Sigma-t (kg/m‘*3)

Sigma-t (kg/m**3)

Table 3. Homogeneous Layers Information
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Table 3. (continued) Homogeneous Layer Information
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occurrence of layers and the tide phase. A classification system was implemented to provide a
simple way in which to group similar layer structures. This classification was a multi-step
process and is described below.
The layers were first grouped according to the level of vertical shear present (high
(>.08), medium (.06-.08) and low (<.06), the observed spatial extent and the vertical thickness.
Observed spatial extent represented the length of layer calculated from the observed durations
and current speeds. Layers were classified as short and thin for lengths less than 1 km and
thicknesses less than 1 meter, respectively.
Next, layers were classified as consistent with local-mixing (LM), inconsistent with
local mixing (NL) or ambiguous (A).

A careful inspection of the measured parameters

(salinity, temperature, fluorescence and oxygen) was performed to identify layers which had
characteristics of local mixing and those which did not. To clarify what this entailed, Figure 30
contains the density (in sigma-t) and the chl-a fluorescence measurements of a layer which was
identified as not consistent with local mixing. The density measurements identify the location
and vertical thickness of this layer, but are unable to resolve if the layer was mixed locally or
not. However, a close inspection of the chl-a fluorescence profiles indicates that this layer
could not have resulted from local mixing, since the fluorescence level is much less than either
the water above and below.
Next, the mean gradient Ri number was calculated for the 12 time periods in order to
identify periods when Ri was less than 0.25 which would indicate that conditions were
appropriate for mixing. This consisted of calculating 4 minute averages of vertical shear at 1
meter vertical resolution. The temporal resolution of the density measurements were 1 hour.

101

Figure 30. Sigma-t (•••) and chl-a fluorescence (—) profiles containing a layer at 6-7 meters
which was classified as inconsistent with local mixing (Data Set 8).
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Depth (m)

Sigma-t {kg/m**3) and Chl-a Fluorescence (rel units)

These results represent a very crude estimate of the mean gradient Ri number. Also note that
the likelihood of measuring overturning events or shear instabilities which result in the
formation of a layer is remote at best. It is most likely that some of the layers observed are
the result of some previous instabilities. Therefore only those layers which satisfied both criteria
i.e„ mean gradient Ri number was <0.25 and mixing of properties of the water from above and
below the layer, were classified as being the result of local mixing.
A total of 33 layers were classified. Only three of these layers were classified as
consistent with local mixing. The mean gradient Ri number for the time period from which this
profile was collected is shown in Figure 31 . As is clearly seen here, the Ri was less than 0.25
for the region (10-16 m) encompassing the layers. Ten layers which did not meet the above
criteria and were clearly inconsistent with local mixing were identified. The majority of the
layers were classified as ambiguous (A). A summary of the findings of the classification
scheme is shown in Figure 32.
The first thing to note about Figure 32 is the lack of spatially long layers in the high
shear group. In addition, most of the short layers that were found in the high shear group were
also relatively thin. Finally, the layers that were classified as consistent with local mixing were
found only in the high shear group, but layers that were classified as inconsistent with mixing
were not found in the high shear group.
The layers observed in the medium to low shear groups were evenly distributed
between short/long spatial extent and thin/thick vertical extent. A large number of the layers
classified as inconsistent with local mixing were found in the low shear group. The two layers
which were also classified as inconsistent with local mixing, but that were found in the medium
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Figure 31. Mean gradient RI number for time period June 1 1230 to 1500 hr. Layers
observed between 10 and 15 meters.
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Figure 32. Layer classification scheme.
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shear group were long spatially and thick vertically. As will be discussed later, these two layers
appeared to have been associated with a surface front.
The layers which were classified as inconsistent with local mixing were generally
located either near the base of the pycnocline or near the top of the pycnocline. As shown in
Table 3. these were clearly the thickest layers (1.5-3 m) and longest layers. It is not clear
which mechanisms were responsible for the layers formed near the base of the pycnocline.
A layer identified as inconsistent with local mixing, from data set 8 and located near the
upper part of the pycnocline, was formed as a result of the passage of a tidal front that was
briefly discussed in the previous section (Section 5.2.2). The first density profile (Figure 33)
does not show a layer, while it is clearly evident at a depth of 6-8 m in the subsequent profiles.
In the backscatter intensity (Figure 27), the layer is seen as a dark band that starts at the surface
prior to the arrival (2145 hr) of the light water pool and is gradually subducted beneath the
lighter water to a depth of 5.5 m. These data clearly suggest that the layer was formed as a
result of the light water pool behind a tidal front overriding surface water to create the thin
layer below the light water pool. This mechanism produces distinct layers in a manner similar
to the sinking tributary water.
The two layers classified as inconsistent with mixing at the depth of 7 and 8 m in data
sets 9 and 10, respectively, appear to be the same layer from data set 8 which was described
above. Density profiles from data set 8, 9 and 10 are shown in Figure 34. The same
homogeneous (5.5 sigma-t) density layer occurs between 6-8 m in all three profiles. The mixed
layer above this region is characteristically similar in all three profiles, indicating the presence of
the light water pool of the tidal front. This feature which had propagated past the study region
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Figure 33. Succession of density profiles for layer related to the front on June 2,1993.
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Figure 34. Density profiles from data sets 8, 9 and 10 indicating same layer as a result of
the front on June 2,1993.
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at 0030 hr on June 3 on the decreasing ebb tide, reappeared in the study area during the
reversal in the tidal currents at 0130 hr. Examining the thermistor chain data during the
subsequent tide indicates that the front and layer had propagated past the study during the
flood tide at 0430 hr. A repositioning of the ship at 0445 hr may explain why the layer was
observed again at 0555 hr. If these are indeed the same layers as suggested by the data, it
would appear that this feature persisted for well over 7 hours. Also indicated is that relatively
little mixing between the layers took place during that time demonstrating the extent to which
fronts can act as barriers to mixing.
5.3

Discussion and Summary
High-frequency internal waves and fronts were frequently observed throughout the

4-day field survey in the mid-Bay. Internal waves and fronts have been observed in other
regions of the Bay during the spring and summer. These features will contribute
significantly to the overall variability in the pycnocline because of their ubiquity, frequency
and spatial extent.
Reported observations of layers within the pycnocline have principally been restricted
to the mid-Bay region. The classification system implemented is the first attempt to group
layers according to their measured characteristics to infer the mechanisms responsible for their
formation. Indications are that the layers found in the high shear group that were spatially
short and vertically thin resulted from local mixing. Although only three layers were classified
as consistent with local mixing, many of the ambiguous layers classified that were in the
medium to high shear groups may also be the result of local mixing, even though the mean
gradient Ri was greater than 0.25. Geyer and Smith (1987) found a significant difference in the
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occurrence of Ri < 0.25 when using mean shear and total shear. They determined that the total
shear, which includes the instantaneous shear, provided a better estimate of Ri than the time
mean shear. Because of the coarse resolution of the density and current measurements from
the 1993 data set, the calculations for mean gradient Ri can be expected to under predict
periods when ‘instantaneous’ mixing due to local instabilities occurred. It is most likely that
some of these layers are relict of some previous local instability elsewhere, which is eventually
advected past the data collection point some time later.
Layers that were classified as inconsistent with local mixing generally appear to have a
sizable spatial and vertical extent. It is possible that some of these layers may have resulted
from sinking tributary water, boundary layer mixing, eddying wakes from the Bay Bridge or, as
shown, from surface fronts. The data suggest that three of these layers were associated with
the passage of a surface front.
It is clear from the data presented here, that layers contributed significantly to the
observed variability in the pycnocline of the mid-Chesapeake Bay. Layers were observed
frequently, covered observed spatial extents up to 3 km, and at times extended over a
considerable region of the pycnocline (1-3 m). It is anticipated that the short, thin, locally
generated mixed layers contribute significantly to the vertical exchange of biological and
chemical species. On the other hand, long, thick, non-locally generated mixed layers have the
potential to contribute significantly to the transport of biological and chemical species.
The observations of the high-frequency features described previously indicate that they
are ubiquitous in the Chesapeake Bay. Indications are that the contributions of such processes
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to the temporal variability observed in the pycnocline via mixing and transport in the mid-Bay
are significant because of their frequent occurrence, duration, and vertical extent.

Ill

6.

6.1

SYNOPSIS

Conclusions
The variability in the pycnocline of the mid-Chesapeake Bay during the spring of

1993 was associated with forcing at subtidal, tidal, and higher frequencies. At subtidal
frequencies, the variability of the pycnocline in response to local wind forcing was
investigated.

At tidal frequencies, several mechanisms were examined to identify the

process responsible for the observed 2-4 meter semi-diurnal oscillation of the pycnocline.
The processes and phenomena that contributed to the observed variability in the
pycnocline at higher frequencies included high-frequency internal waves, fronts, and
homogeneous layers.
Subtidal Variability
The largest change in the pycnocline was associated with meteorological forcing.
Up-Bay wind stress and subsequent abatement of the wind stress produced a 5-meter
displacement of the mean pycnocline depth. The 5-meter displacement of the pycnocline
was coincident with a 5-meter displacement of hypoxic bottom water. The data suggest
that the change in the mean depth of the pycnocline was the result of a geostrophic
response of the across-channel pycnocline tilt to wind-induced reversals of the alongchannel residual currents. According to geostrophy, the tilt of the pcynocline should be
down towards the eastern side of the channel (field survey location) for surface flow
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directed up-Bay and bottom flow directed down-Bay. Changes in the along-channel
residual circulation were attributed to sustained up-Bay winds. The change in pycnocline
depth was coincident with the direction change of the bottom current, although both the
change in bottom current direction and pycnocline depth occurred several hours later than
the changes in wind stress. Part of the lagged response of the pycnocline might also be
explained by the increase in the across-Bay wind stress to the east. The data show that the
decreased eastward wind stress also coincided with the shallowing of the pycnocline.
Tidal Variability
A 2-4 meter semi-diurnal oscillation of the pycnocline was observed in the time
history records of temperature, salinity, and density. Coincident with the displacements of
the pycnocline were the displacements of hypoxic bottom water. During the time period
when the mean pycnocline depth was 10 meters (middle to latter part of the field survey),
the minimum and maximum salinities occurred at approximately maximum flood and
maximum ebb stages, respectively. The apparent 180° phase shift between the salinity and
currents/tidal height coincided with a 4-5.5 ppt change in salinity.
Several mechanisms that might result in the observed changes in the pycnocline
were investigated. These mechanisms included an internal lateral seiche of semi-diurnal
tidal frequency, advection of the along-channel density gradient and a geostrophic
response of the tilt of the pycnocline to changes in the along-channel currents. These
processes were found to be inadequate in describing the observed oscillations.

The

advection of the along-channel density gradient warrants further investigation, since the

113

measurements of the along-channel density were made 10 days after the conclusion of the
4-day field survey.
Data analysis and model results showed that the observed 2-4 m semi-diurnal
oscillation of the pycnocline was consistent with a topographically induced internal tide.
A two-layer internal wave model was developed to determine the amplitude and phase of
the pycnocline displacements associated with an internal tide.

The model results

compared extremely well with the observed displacements of the pycnocline.
Supertidal Variability
The smallest changes in the pycnocline were associated with high-frequency
internal waves, fronts, and homogenous layers that appear to be driven largely by tidal
forces. It seems that the impact of these types of phenomena on the transport and mixing
of chemical and biological species will be most conspicuous in the late spring through
summer in most regions of the Chesapeake Bay because of the strong stratification.
A classification system based on the characteristics of the homogenous layers
observed in the mid-Bay was implemented for the first time to investigate possible source
mechanisms and potential for transport and mixing. Indications are that spatially short,
thin layers that were found in the presence of high shear were most likely the result of
local mixing, and that the spatially long, thick layers that were found particularly in the
presence of low shear were not the result of local mixing. One layer was shown to have
resulted from the passage of the warm water pool, associated with a tidal front, over the
ambient surface mixed layer. In addition, because layers were observed frequently and are
found to have considerable horizontal and vertical extent, indications are that these layers
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are important transport conduits and at times are barriers for the dispersion of chemical
and biological species in the mid-Bay region.
6.2

Issues and Suggestions for Future Work
The issues that remain at this point relate primarily to the observed variability of

the pycnocline associated with homogeneous layers and semi-diurnal oscillations. The
first set of issues and suggestions for future work pertains to homogeneous layers
followed by related topics associated with semi-diurnal oscillations of the pycnocline.
Most of the future work examines what types of additional field data are necessary to
address these issues.
Some of the remaining questions left unanswered that pertain to homogeneous
layers include: what are the processes responsible for the formation of layers, where are
they generated, what are their characteristics, and how long do they persist. In addition,
even though layers can be classified as consistent with local mixing, the ability to
distinguish between layers formed as a result of breaking internal wave or shear
instabilities remains difficult. This is because the ability to observe a layer forming at a
particular instance in time at a specific position in the Bay as a result of an internal wave
breaking or as a result of an instantaneous shear instability is problematic at best. Since the
longest and thickest layers may indicate significant transport away from the generation
location, a major issue is those mechanisms that are not consistent with local mixing, such
as boundary layer mixing, sinking tributary water, and fronts.
The types of data required to address these issues depend largely on the processes
to be investigated. The formation of layers associated with sinking tributary water and
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fronts may in some respects be easier to investigate with the addition of spatial sampling
of vertical profile data including temperature, salinity, DO, and chl-a fluorescence. These
data will provide a multiparameter tag of a particular water mass. Tracking in real time
with the use of the multiparameter tag could provide information as to the location of the
generation site, spatial extent, and how long the layers persist. This may also be true of
layers that are formed as a result of boundary layer mixing, since the characteristics of the
water at the shoal edges may be considerably different than in the channel where they have
been observed. Currents, density, and turbulence measurements close to the shoal edge
surrounding the pycnocline, in addition to those in the channel, would also be helpful in
examining boundary layer mixing as a formation mechanism.
The primary issues associated with the semi-diurnal oscillations of the pycnocline
that require further investigation include: is an along-channel internal tide responsible for
the observed oscillations of the pycnocline as suggested by the data and model results, and
to what extent do the along-channel and across-channel density distributions contribute to
the observed oscillations?

If an internal tide was the mechanism that caused the

oscillations, when do internal tides exist; how far down-Bay does the internal tide
propagate; what are the currents associated with the internal tide; are there other locations
in the Bay where along-channel internal tides are generated; and do these internal tides
break, resulting in the mixing of oxygen-depleted bottom water.
To address these questions requires that additional data be collected. The data
should be collected both in the spring and summer when stratification is strong (internal
wave phase speed is greater than tidal currents) and anoxic conditions are prevalent in the
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deeper regions of the mid-Chesapeake Bay. The data collected should include long time
series of current, density (salinity and temperature), dissolved oxygen and chl-a
fluorescence measurements made at several depths along transects both along-Bay and
across-Bay. The minimum separation in along-channel sampling sites should be 2-3 km
(4-6 times the Nyquist interval for a wave 24 km long) because the wavelength of an
internal tide might be considerably shorter than the calculated 24 km due to less stratified
conditions, the proximity to the Bay Bridge, and the apparent asymmetry in the
displacements. Sampling locations should include Station 858, the Bay Bridge, and the
location of the depth discontinuity. Sampling locations should also include positions
down-Bay and up-Bay of Station 858 and the depth discontinuity, respectively.
Analysis of this data set would include examining the salinity and temperature data
at many sites along-channel to provide a synoptic look at the generation and propagation
of an internal tide or tojdentify the contribution of the along-channel (and across-channel)
salinity and temperature distributions to the oscillations in the pycnocline. Long time
series ( > 3 0 days) of current measurements are necessary to remove the major tidal
current constituents, wind-driven currents, and residual currents associated with estuarine
circulation in order to resolve the magnitude of the currents associated with the internal
tide in addition to providing information as to the how often an internal tide exists.
Sampling sites located considerable distances down-Bay of Station 858, along with the
data collected between the discontinuity and Station 858, could provide information
ranging from how far the internal tide will propagate to the fate of the internal tide and
effects on the chemical and biological species of the Bay.
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